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The world today faces two contradictory challenges: climate change and energy security.  
Interestingly, both challenges can be potentially addressed by targeting atmospheric CO2.  The 
global demand for energy has increased due to population growth and most of this demand is met 
by the dwindling resource of fossil fuels.  Consequently, the concentration of atmospheric CO2 has 
risen past the upper safety limit of 350 ppm, and has even reached as high as 404 ppm.  This is 
believed to be a major cause of several undesirable climate effects such as global warming and 
increased occurrence of erratic weather.  Multifaceted efforts have been made to curb atmospheric 
CO2 levels and decrease reliance on fossil fuels by seeking out clean, affordable and reliable energy 
sources.  Renewable energy sources (i.e., wind, tide, and solar) are increasingly competitive due 
to their natural, clean and carbon-free nature.  However, renewable energy sources are intermittent, 
limited by geography and seasons, and often unpredictable.  To overcome these limitations and 
supply energy generated by renewable energy sources more efficiently and continuously, a suitable 
form of large-scale storage for on-demand utilization is needed.  This thesis researches two energy 
storage technologies that show promise to help address both challenges: electrochemical reduction 
of CO2 into useful feedstock chemicals or fuels, and lithium air battery.   
Electrochemical reduction of CO2 into value-added chemicals is expected to play an 
important role in reducing CO2 emissions and dependence on fossil fuels as well as in utilizing 
excess, otherwise wasted energy from intermittent renewable sources.  However, to be a viable 
technology, performance levels of CO2 electrolyzers need to be raised by making electrodes and 
catalyst efficient enough for commercialization.  This dissertation starts with discussing the 
interplay between cathode performance and CO2 concentration in the feed as well as electrolyte 
pH (Chapter 2).  Use of diluted feed elevates the utilization of CO2 up to 31 % with high Faradaic 
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efficiency for CO (>80%).  This work highlights the importance of mass transport and indicates 
that the direct use of flue gas as a feed for electroreduction of CO2 has promise.  This dissertation 
also reports a detailed investigation of the relationship between the physical structure of electrodes 
and electrochemical activity (Chapter 3) as well as further improvement of electrodes by 
incorporating carbon nanotubes for electroreduction of CO2 (Chapter 4).  Optimized gas diffusion 
electrodes (GDEs) outperform commercially available GDEs and exhibit no decay in performance 
during continuous operation.  In addition, micro-porous layers (MPLs) composed of carbon 
powder exhibit better durability leading to high cathode performance compared to MPLs 
composed of carbon nanotubes for electroreduction of CO2.  
Lithium air (Li-air) battery can be a promising candidate for effective storage of renewable 
energy and has applications ranging from portable electronics to electric vehicles because of its 
extremely high theoretical energy density.  However, several fundamental challenges such as poor 
round-trip efficiency, unsatisfactory durability and safety must be overcome to realize the promise 
of Li-air battery.  This dissertation employs the design and fabrication of a non-aqueous Li-air 
battery with flowing ionic liquid (Chapter 5).  The flow configuration exhibits a substantial 
increase in discharge capacity compared with the non-flowing battery.   Also, this dissertation 
reports experimental and computational investigations on optimizing the gas diffusion-based 
cathode to produce higher discharge current densities particularly for Li-air flow batteries 
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1.1 Challenges in CO2 Emission  
Increased human activities including 
industrialization and higher energy 
consumption by a growing population have led 
to an unprecedented increase in atmospheric 
CO2 levels [1].  The concentration of CO2 in 
the atmosphere is currently 409.01 ppm (this 
value is reported in April 2017) [2].  Not only 
the concentration itself but also the rate of 
increase of CO2 concentration have increased 
over the last six decades [3].  This increase in 
concentration of CO2 and other greenhouse 
gases in the atmosphere arguably contributes 
to accelerate the trend of global warming and 
undesirable climate changes such as an increase 
in sea levels, loss of ice mass, and shifting 
climate zones (Figure 1.1) [4-7].  The 
Inter-governmental Panel on Climate Change 
(IPCC) has concluded that the major causes of 
this high atmospheric CO2 concentration are the 
combustion of fossil fuel and deforestation [7].  
Specifically, the first and second largest emitters of total U.S. greenhouse gas emissions are
Figure 1.1 The climate change and CO2 
emissions. (a) Average combined land and 
ocean surface temperature and (b) annually 
and globally averaged sea level change 
over the period 1986 to 2005. (c) Global 
anthropogenic CO2 emissions from 
forestry and other land use as well as from 
burning of fossil fuel, cement production 
and flaring. Redrawn with permission from 
ref 7. Copyright 2014 IPCC. 
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electricity and transportation sectors, which accounted for 30% and 26%, respectively [8].   
To curb the rise in CO2 emissions, Pacala and Socolow proposed multiple approaches in 
2004: (i) improving energy efficiency and conservation, (ii) de-carbonization of the supply of 
electricity and fuels (e.g., fuel shifting, carbon capture and storage, nuclear energy and renewable 
energy), and (iii) biological storage in forests and agricultural soils [9].  Given the current 
emissions trajectory, even more strategies should be added to achieve current climate targets of 
limiting CO2 levels below 500 ppm and warming to less than 2 °C [10].  Recently, the 
International Energy Agency (IEA) also proposed three essential technologies that can help to 
achieve long-term decarbonization path: (i) variable renewables, (ii) carbon capture and storage 
and (iii) alternative fuel vehicles, all topics of study in this dissertation [11].  Other pathways 
would face more challenges in the absence of the full uptake of these three technologies.  
 
 
Figure 1.2 Carbon management scenario: (i) C reservoir, (ii) C conversion, (iii) CO2 capture and 
(iv) CO2 sequestration. Reprinted with permission from ref [12]. Copyright 2012 Elsevier. 
 
Figure 1.2 shows the overview of carbon management technologies consisting of 4 main 
stages: (i) C reservoir, (ii) C conversion, (iii) CO2 capture and (iv) CO2 sequestration [12].  Of 
these, the design and integration of CO2 capture stage is very desicive for overall cost of the 
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whole scenario.  Moreover, in the CO2 sequestration stage, two promising strategies after CO2 
capture can be either (i) CO2 capture and storage (CCS) or, (ii) CO2 capture and utilization (CCU) 
technology.  However, considering that the CCS process is labor-intensive, expensive 
(transportation and storage), and hardly provides any benefit to human life, the CCU process is 
the better option [13].  Reusing the captured CO2 as a source for producing economically 
important chemicals can contribute to a sustainable chemical industry, while also helping to 
reduce CO2 emitted into the atmosphere [14]. Furthermore, CCU process can be an economically 
valuable option with respect to or in integration with CCS when renewable H2 is available [15]. 
As part of CCU process, CO2 can be utilized as a feedstock by employing a variety of 
catalysts and methods to activate and react CO2 and form several value-added chemicals [12, 16]. 
Major products being generated from CO2 include urea, salicylic acid, inorganic carbonates, 
ethylene/propylene carbonates, and polycarbonates [17, 18].  Several chemicals, including 
formic acid, carbon monoxide, methanol, and ethylene can be also produced from CO2 with the 
help of high energy exchange [18].  
 
1.2 Challenges in Global Energy Generation and Storage  
 Industrialization as well as population and income growth are the key drivers behind 
growing demand for energy [19].  By 2030 world population is projected to reach 8.3 billion, 
indicating that more energy is required for next 20-30 years [20] (Figure 1.3a).  However, this 
increasing demand for energy has brought the global challenge of increasing CO2 level in the 
atmosphere and will continue to do so. 
Nearly 80% of the energy for residential, industrial and transportation purposes, is supplied 
by fossil fuels which releases tremendous amounts of CO2 into the atmosphere [21].  The 
Hubbert curve predicts that reasonably recoverable oil becomes critically low for next 40 years 
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[22] (Figure 1.3b).  As oil is a precious and non-renewable resource, using fossil fuel for
industrial applications would be a better choice, rather than as a primary source of energy [22]. 
For all these reasons, creating new or finding alternative routes to supply the rapidly increasing 
demand for energy while limiting carbon emissions is a significant challenge by itself. 
 
Figure 1.3 Increasing world population and shortage of energy. (a) Past, present and prediction 
of the world’s energy needs up to 2050. Reprinted with permission from ref [20]. Copyright 2015
Nature Chem. (b)The classic Hubbert curve, indicating that world oil resources are on track to 
critically deplete within 40 years. The vertical scale is in arbitrary relative units, but to get an 
idea of scale, world production averaged at about 80 million barrels per day in 2008. Reprinted 
with permission from ref [22]. Copyright 2010 IEEE. 
 
The IEA has proposed the Bridge scenario, which highlights a series of immediately 
practicable steps that can enhance energy sector action at no cost to global economic activity.  
The Bridge scenario proposes five measures: (i) Increasing energy efficiency in the industry, 
buildings and transport sectors, (ii) progressively reducing the use of the least-efficient-coal-fired 
power plants, (iii) increasing investment in renewable energy technologies in the power sector 
from $270 billion in 2014 to $400 billion by 2030, (iv) gradual phasing out of fossil-fuel
subsidies to end-users by 2030 and (v) reducing methane emissions in oil and gas production
[11].  Out of the five measures, investment in renewable energy technologies is considered to be
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the second largest contribution to reduce CO2 emission.  In detail, the fastest growing fuels are 
projected to be renewable energy with growth averaging 7.6% from 2011 to 2030 [19].  The 
important resources of renewable energy include biomass, solar, wind, tides and geothermal 
systems.  Nuclear energy is another source that emits low carbon into the atomosphere.  
Among these, both nuclear and biomass are unable to meet today’s total energy demand [15].  
Especially, the production of liquid fuels from biomass has been proven to be quite laborious, 
and probably much research is still needed to find a more economical and easier way [15]. Also, 
uranium is limited resource and has associated with the problems of radiation leakage and 
nuclear waste management [13].  Accordingly, solar and wind are becoming increasingly 
competitive, compared to other renewable sources.  
Solar energy is natural, clean, non-polluting and carbon-free.  The solar energy that the 
surface of the earth receives is equivalent to the total energy that is present in the entire world’s 
fossil fuel resources [23].  Wind power is also an increasingly popular renewable source, and 
produced as much as 100 GW in 2008 [22].  Wind is not only the fastest growing renewable 
energy source, but also the fastest growing electric power source.  Moreover, wind power can 
be a conserved to produce a renewable source of hydrogen for energy storage or as an energy 
carrier [22].  In addition, recent reductions in turbine prices have led to reductions in 
installation costs, thus making wind economically competitive [24].   
However, both wind and solar are intermittent, geographical, seasonal and often 
unpredictable, causing an irregular and unreliable energy supply [25, 26].  Energy needs to be 
supplied continuously day and night without any interruption because customers still need 
electricity when winds are calm or sunshine is lacking.  At the same time, the electricity 
generated by intermittent renewable energy exceeds actual demand, and in the absence of large 
scale storage, this electricity is being wasted.  Hence, to supply energy continuously and store 
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excess electricity, either a proper method is required to store it in a suitable form or on-demand 
utilization of intermittent electricity need to be developed.   
Several approaches to store electricity are necessary, such as mechanical, chemical and 
thermal forms of energy [27].  Also, storage techniques can be divided into four categories: low 
power-application, medium-power application, network connection application and 
power-quality control application [27].  The first two applications are for small-scale systems 
whereas the third and four applications are for large-scale systems.  Several technologies of 
small-scale systems include flywheel, compressed air, fuel cells and supercapacitors.  Also, 
examples of large-scale storage are pumped hydro storage, thermal energy, chemical storage, 
flow batteries and compressed air.  
 
1.3 Electroreduction of CO2 to Useful Chemicals 
Generally, six types of CO2 conversion technologies are discussed - stoichiometric, 
thermos-chemical, biochemical, electrochemical, photoelectrochemical and photocatalytic routes 
- not only to address the problems of CO2 associated global warming and energy storage but also 
to produce value added chemicals, thus relieving our dependency on conventional fossil 
resources [28].  Among those developed so far for reducing CO2 into value added chemicals, 
the electrochemical reduction of CO2 into value-added chemicals appears to be most viable due 
to high possibility of operating under mild conditions such as atmospheric pressure and 
temperature and good compatibility with excess electricity obtained from renewable energy 
sources [13, 28-30].  Also, storing electricity in a high energy density form through 
electroreduction of CO2 has great potential to help overcome several challenges facing the 
implementation of carbon neutral energy sources and adds flexibility to use products as sources 
for electricity and transportation fuels, or as a feedstock for chemical production.   
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An overview of the electroreduction of CO2 process and key components for this process 
are described in Figure 1.4.  The electroreduction of CO2 to value-added products is basically a 
reverse process compared to fuel cells.  The electroreduction of CO2 transfers electricity 
generated by intermittent renewable energy sources to chemical energy stored in the chemical 
bonds of fuels.  In an electrolyzer, CO2 is reduced on the cathode while the oxygen evolution 
reaction (OER) takes place on the anode.  The products at the cathode vary from liquid fuels 
(e.g., formic acid and ethanol) and hydrocarbons (e.g., methane and ethylene) to fuel precursors 
(i.e. carbon monoxide (CO)).  Another side reaction that occurs during the CO2 reduction 
process is hydrogen evolution reaction (HER) when an aqueous electrolyte is used.  H2 is often 
considered as a major byproduct during CO2 reduction.  However, H2 is mostly produced more 
economically from natural gas via steam reforming of methane [13].  Thus, to make the 
electroreduction of CO2 more feasible, producing C1 or C2 products rather than H2 is much more 
appealing.   
 
! !
Figure 1.4 Schematic overview of the electroreduction of CO2.  Redraw with permission from 
ref [30].  Copyright 2013 Elsevier.  
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An efficient electroreduction of CO2 process requires highly active, stable, and selective 
catalysts operating in electrolyzers with both low ohmic resistance and better mass transport 
properties.  The practical viability of this process depends on a few key figures of merit that 
characterize its performance and thus assist in determining its economic feasibility: (i) energetic 
efficiency (EE) — a measure of the overall energy utilization toward the desired product; (ii) 
current density (CD) — a measure of the rate of conversion; (iii) Faradaic efficiency (FE) — a 
measure of the selectivity of the process for a given product; (iv) catalyst stability; and (v) 
process costs including material consumption costs, capital cost and electricity cost [30].  In 
this chapter, we will focus on the first three figures of merit (EE, FE, and CD) because currently 
neither standard protocols for durability tests of catalysts nor cost models for major products 
exist for electrochemical CO2 conversion. 
The energy efficiency is the amount of energy in the products divided by the amount of 
electrical energy put into the system.  









ε ! ! !  (1) 
where °kE  is the equilibrium cell potential for a certain product.  For example, E
o = Eocathode - 
Eoanode = -0.10 V - 1.23 V = -1.33 V for converting CO2 to CO and Eo = Eocathode - Eoanode = 0 V - 
1.23 V = -1.23 V for H2 evolution).  Faradaick ,ε  is the Faradaic efficiency of product k and η  is 
the cell overpotential (or the sum of overpotentials on the cathode and anode), which is the 
potential difference between the thermodynamically determined cell voltage and that observed 
experimentally.  From this equation, it becomes clear that high energy efficiency is achieved 
through a combination of high Faradaic efficiency for the desired product, and the lower the cell 
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potential, the more energy efficient the process becomes.   
The Faradaic efficiency (sometimes also referred to as the current efficiency) for a given 




⋅⋅=ε     (2) 
where z  is the number of electrons exchanged (for example, z = 2 for reduction of CO2 to 
CO), n the number of moles for a given product, F  Faraday‘s constant (F = 96485 C/mol!, and 
Q  the total charge passed (C).  Faradaic efficiency is the percentage of electrons that end up in 
the desired product, and should be called “selectivity” instead of “efficiency”.  
The overall current density, defined as the current at a given cell potential divided by the 
active cathode electrode area (geometric surface area of the cathode), is a measure of the 
electrochemical reaction rate (conversion), so it helps determine the electrode area (and thus the 
electrolyzer size and capital investment) needed to meet the desired rate of producing the product.  
One can also calculate partial current densities for the individual products formed by multiplying 
overall current density with the corresponding FE.   
Despite the potential promise of electrochemical CO2 reduction, current performance levels 
are insufficient for commercialization.  Many researchers have reported a high EE or a high FE, 
or a high CD, but optimizing all three figures of merit has been a challenge.  Several technical 
challenges remain: high overpotential, low catalyst activity, low product selectivity, insufficient 
catalyst stability/durability, insufficient fundamental understanding of the processes involved, 
non-optimized electrode/reactor and system design for commercialization [31].  In this whole 
process, (i) electrocatalysts, especially for cathode, (ii) electrode, (iii) electrolyte, (iv) reactor (or 
electrolyzers) and (v) operating condition play important roles in determining the overpotential, 
energy efficiency, current density and product selectivity.  The CO2 reduction process needs to 
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be improved significantly by developing highly active and durable catalysts in combination with 
optimized electrodes, electrolyte, appropriate cell configurations and operating condition to 
further accelerate the commercialization of this process. 
Catalyst: In general, electrocatalysts for CO2 reduction are classified into homogeneous and 
heterogeneous catalysts.  Compared to homogeneous catalysts, heterogeneous catalysts are 
advantageous because they are recyclable, low-cost and beneficial for large-scale applications.  
Depending on different binding energy of the intermediate and H2, metals can be categorized into 
four groups [32]. The 1st group metals including Pb, Hg, In, Sn, Cd and Bi, which have high 
hydrogen overvoltages, negligible CO adsorption properties and hence weak stabilization of 
intermediate, yield formic acid as a major product.  The 2nd group metals including Au, Ag and 
Zn, which bind fairly strong to the intermediate but cannot reduce CO, yield mostly carbon 
monoxide (CO).  The 3rd group metals including Ni, Fe, Pt and Ti, which have low hydrogen 
overvoltages and strong CO adsorption properties produce hydrogen as the major product.  The 
4th groups is Cu, which is unique for CO2 reduction due to its ability to react CO to more reduced 
species, such as CH4 and C2H4 with high selectivity and amount.  These different catalysts tend 
to bind various intermediates to a different extent, resulting in different products.  Thus, rational 
design of the catalysts is necessary to selectively reduce CO2 to desirable products.   
In earlier years, researchers studied CO2 reduction on different types of metal or metal oxide 
foils [33].  Recently, more complex electrocatalysts for electroreduction of CO2 are derived 
from transition metal oxides [34-38], transition metal chalcogenides [39-41], carbon-based 
materials [42-44] as well as metal organic frameworks [45-47].  These novel complex catalysts 
and catalyst assemblies that can work in concert should be studied to achieve efficient overall 
CO2 reduction processes.  Despite the observation of highly active catalysts at low 
overpotentials, reported current densities with these active catalysts are far too low, except for 
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the results achieved via CO2 flow cells [48, 49] or under high pressure [50].  Deactivation of 
catalysts is one of the challenges because stability tests for catalyst longer than 100 hours are 
rarely reported in the literature.  Thus, there is a room for improvement for electrocatalysts to 
achieve high activity, selectivity and stability for electroreduction of CO2. 
 Electrode: With better catalysts becoming available, mass transport limitations to and from 
the electrode surface need to be overcome for electrochemical reduction of CO2 to become 
economically viable.  Thus, electrode composition and structure should be studied to improve 
diffusive mass transport of the reactants and products to and from the electrodes, and how this 
effects performance.  Specifically, gas diffusion electrodes (GDEs) have been studied 
previously for a range of electrochemical applications including proton exchange membrane fuel 
cells (PEMFCs) [51, 52] as well as the electrochemical reduction of CO2 [53, 54].   
GDEs have been studied with the goal of improving performance of PEMFCs by optimizing 
variables for catalyst layer such as the catalyst loading [55], the cationic resistance [56-58] and 
the optimum concentration of ionomers, [59] as well as investigating variables for porous 
backing layer (i.e., micro porous layer and carbon fiber substrate) such as pore size distribution 
[60, 61], hydrophobicity, [62] or layer thickness [63].  In these prior reports, the GDEs were 
optimized for fuel cells using H2 as the fuel.  GDEs used for the electrochemical reduction of 
CO2 will have to be optimized to meet the needs of this chemical conversion.  Only a few 
studies of electrodes in electroreduction of CO2 are reported [53, 64, 65], so further work is 
needed to optimize GDEs particularly to facilitate transport of CO2 and the products formed as 
well as to improve the durability of GDEs for long-term experiment.  
Electrolyte: Electrolytes are utilized to provide a medium to transfer electrons and protons 
for typical electrochemical reactions.  The heterogeneous electroreduction of CO2 uses aqueous 
electrolytes comprised of alkali elements as cations, various anions such as halide anions, 
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bicarbonate or hydroxide, and water.  The electrolyte plays an important role in the kinetics by 
altering the activity and selectivity.  The choice of cationic species impacts the selectivity on Cu 
[66, 67], Ag [68] and Sn electrodes [69] for electroreduction of CO2.  Anions also influence the 
selectivity as well as activity on Cu [67, 70], Ag [49] and Sn electrodes [69].  Next, 
non-aqueous electrolytes including ionic liquid and organic solvents are used in electroreduction 
of CO2 because these electrolytes are utilized for increasing solubility of CO2 compared with 
water.  Specifically, ionic liquid solvents provide a friendly environment stabilizing the key 
intermediate species and thus improve the catalytic activity [71].  However, one of the major 
hurdles for ionic liquids is their high cost. Also, methanol is used as an electrolyte for 
electroreduction of CO2 due to the high solubility of CO2, which is 5 times higher than that of 
water [72-75].  Despite the low cost of methanol compared to ionic liquids, recycling of 
methanol is still necessary to reduce operating costs for electroreduction of CO2. 
Reactor configuration: For the electroreduction of CO2 process to become industrially 
feasible, experiments which are carried out on the laboratory scale with batch electrochemical 
cells, will need to employ flow cells that can be scaled up to match other industrial processes 
[76].  For this reason, several groups developed CO2 electrolyzers based on microfluidic flow 
cells [53, 71, 77-79], traditional electrolyzers [80], proton exchange membrane fuel cells [81] or 
alkaline fuel cells [50, 82].  The reported current densities when using these flow electrolyzers 
[48, 49] are at least 5-10 times higher than the values from batch reactors or three-electrode cells.  
However, reactor design has not been fully studied for electroreduction of CO2, so further work 
is still necessary to improve reactor configuration for CO2 electrolyzers by optimizing flow field 
design or structure. 
Operating conditions: One of the least studied aspects for electroreduction of CO2 are 
operating conditions such as pressure, temperature or feed.  For example, using pressurized CO2 
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is one of the simple solutions to raise the concentration of CO2 while maintaining an aqueous 
solvent environment.  High selectivity and high current density for electroreduction of CO2 
were reported under high pressure up to 30 atm [50, 83, 84].  Also, effect of reaction 
temperature on selectivity and activity for electroreduction of CO2 has been investigated by 
several groups [85, 86].  Moreover, several studies at low temperature when using methanol as 
an electrolyte are performed because solubility of CO2 in methanol is eight to fifteen times that 
in water at temperatures less than 273 K [87-90]. 
 
1.4 Lithium Air Battery 
The need to address climate change and alleviate the CO2 emissions has spurred rapid 
development and commercial implementation of renewable energy technologies.  These 
renewable energy technologies require the development of cheaper and more energy-dense 
storage media to make them viable at large scales.  To alleviate CO2 emission as well as to 
utilize excess electricity, the advent of electric vehicles (EVs), hybrid electric vehicles (HEVs) 
and smart-grid technologies has intensified research on novel energy storage systems.  At the 
same time, regulations by Europe and Corporate Average Fuel Economy (CAFE) standards in the 
U.S. on CO2 emission has accelerated the advent of electric vehicles (EVs) and hybrid electric 
vehicles (HEVs) [91]. 
Li-ion batteries have had great success in many applications ranging from portable 
electronics to EVs due to their higher energy densities compared to other rechargeable battery 
systems such as nickel-cadmium or lead-acid [92].  However, one of the major challenges for 
widespread adoption of EVs is the insufficient energy capacity of conventional batteries 
including Li-ion batteries, as the capacity of conventional battery for storing energy per kilogram 
of weight is only about 1% of the energy density of gasoline [13].  Therefore, the study of new 
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battery chemistries beyond Li-ion batteries is necessary to develop the next generation of 
electrochemical energy storage. 
 
Figure 1.5 The gravimetric energy densities (Wh/kg) for various kinds of rechargeable batteries 
compared to gasoline. The theoretical density, based strictly on thermodynamics of the active 
stored reactants, is shown as the blue bars while the practical achievable density is indicated by 
the orange bars and numerical values. For lithium air, the practical is an optimistic estimate. For 
gasoline, the practical value includes the average tank-to-wheel efficiency of automobiles (in the 
USA). Reprinted with permission from ref [93]. Copyright 2010 American Chemical Society. 
To address both issues - lack of storage for renewable energy and limited energy density -
metal-air batteries such as iron-air, aluminum-air, zinc-air and lithium-air batteries have been 
investigated due to their promising energy densities [94, 95].  The theoretical and practical 
achievable gravimetric energy densities for various kinds of rechargeable batteries are shown in 
Figure 1.5. Among these, the use of lithium as the anode in lithium-air (Li-air) battery have 
achieved prominence and been developed for last two decades due to a high theoretical energy 
density of about 3500 Wh kg-1 (based on the formation of Li2O2), which is competitive with 
gasoline (Figure 1.5) [93, 96-98].  This large theoretical energy density of the Li-air battery is 
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due to the fact that the cathode oxidant, oxygen (O2), is not stored in the electrode and can be 
readily obtained from the surrounding environment [99]. 
A typical Li-air battery consists of pure lithium metal as the anode, an electrolyte, and a 
carbon electrode as the cathode.  The net electrochemical reaction is 2Li + O2 ↔ Li2O2, with 
the forward direction describing discharge process and the reverse direction describing charge 
process [100].  In detail, during the discharge process, lithium ions from the lithium metal 
anode travels to the carbon cathode, where it reacts with the incoming O2 to form lithium 
peroxide, Li2O2.  During the charge process, the Li2O2 layer inside as well as surface of carbon 
cathode is dissolved, and the free lithium ions travel back to the lithium metal anode, where they 
are reduced. 
In general, Li-air batteries are divided into four systems, depending on the electrolyte: 
non-aqueous, aqueous, mixed aqueous/non-aqueous and solid-state electrolyte, as shown in 
Figure 1.6 [93].  Aqueous or mixed electrolyte Li-air batteries have the great advantage of the 
discharge product being soluble in H2O, eliminating the several issues of non-aqueous Li-air 
battery such as cathode clogging or decreased electrical conductivity [93].  However, for both 
aqueous and mixed electrolyte Li-air batteries, poor rechargeability as well as development of 
good Li-ion conducting membranes to protect the lithium anode from reacting with H2O are 
major hurdles to overcome.  Also, the molar mass of the discharge product, LiOH, from 
aqueous electrolyte Li-air battery is much higher than the Li2O2 from non-aqueous electrolyte 
Li-air battery, resulting in a comparatively lower theoretical specific energy [101].  Moreover, 
the solid-state Li−air battery suffers from the lack of a solid-state electrolyte with sufficient 
lithium ion conductivity [102].  Among the four types of Li-air batteries, non-aqueous Li-air 
battery has received most attention due to the promise of electrical rechargeability [100, 102, 
103].  Examples of non-aqueous electrolytes used to date for non-aqueous Li-air battery include 
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organic carbonates (ethylene carbonate, propylene carbonate, dimethyl carbonate), ethers 
(tetrahydrofuran (THF), dioxolane), and esters (γ-butyrolactone), which solvate lithium salts, 
such as LiPF6, LiAsF6, LiN(SO2CF3)2, and LiSO3CF3 and have high oxidative stabilities 
[104].   
 
Figure 1.6 Four different schematic cell configurations for Li-air batteries. Different cell 
configurations are defined by different electrolytes (non-aqueous, aqueous, mixed 
aqueous/non-aqueous and solid state electrolyte). Reprinted with permission from ref [93]. 
Copyright 2010 American Chemical Society. 
In the non-aqueous Li-air battery, the amount of discharge products such as Li2O2 stored in 
the air cathode will determine the overall energy density of battery.  Thus, the porous air 
cathode plays an important role in non-aqueous Li-air battery by providing not only the diffusion 
path for O2 gas to reach the electrolyte/electrode interface, but also the space to accommodate 
Li2O2 deposition inside the cathode [98]. With the importance of air cathode, the reversible 
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formation as well as decomposition of discharge products (i.e., Li2O2) is also one of the biggest 
obstacle for non-aqueous Li-air battery.  Insolubility of discharge products in the non-aqueous 
electrolyte, which causes a buildup of discharge products on the cathode surface, restricts the 
flow of reactants (O2, Li+ and electrons) to the active surface, resulting in a notably lower 
discharge capacity [93].  Thus, the reaction on the cathode side will be discussed more in this 
chapter.   
Despite of having a high theoretical energy density, numerous problems in cathodes, 
electrolytes, and anodes exist in the current architecture of non-aqueous Li-air battery.  
Examples of obstacles for non-aqueous Li-air battery are (i) low cycle efficiency, (ii) capacity 
fading under high current, (iii) limited energy density and (iv) low rate capability [98, 105].  In 
view of issues mentioned above, further efforts should focus on rational design of the cathode 
structure as well as finding stable electrolytes and active electro-catalysts.  For non-aqueous 
Li-air battery to be a commercially viable product, three major components must be improved 
and optimized: (i) air cathodes for facilitating high O2 diffusivity while maintaining high 
electrical conductivity, (ii) highly stable electrolytes that have high O2 solubility and good 
lithium ion conductivity and (iii) electrocatalysts that facilitate the O2 evolution reaction and 
exclusively promote the formation and decomposition of Li2O2. 
Air cathode: Most air cathodes for non-aqueous electrolyte Li-air battery consist of mixtures 
of catalyst and carbon substrate, and a porous current collector and organic binder to stick all of 
these together [98].  Due to un-optimized composition and structure of air cathodes, many of 
the challenges mentioned above are directly/indirectly related to the air cathode [98].  
Degradation and passivation of air cathodes result in issues (i) and (iii) due to multiple 
concurrent phenomena such as the buildup of insulating and insoluble discharge products in the 
form of thin passivating layers over the air cathode, thus shutting off the charge transport [106].  
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Pore blockage by Li2O2 decreases O2 transport at the cathode and could also limit the high rate 
capability (issue iv).  Despite its high theoretical energy density, discharge current density of 
Li-air battery is currently very low, at much less than 1 mA cm-2.  Thus, future research efforts 
need to focus on improving current density by at least 1 order of magnitude via optimization of 
cathode [93]. 
  Electrolyte: Several electrolytes including propylene carbonate-based electrolyte [107], 
alkyl carbonate electrolyte [107] and ether-based electrolytes [108, 109], are considered to be 
more promising electrolytes for Li-air battery, but their stability is still questionable [110]. 
However, decomposition of electrolyte during charge and discharge process is relevant to several 
challenges for non-aqueous Li-air battery.  Stable electrolytes against several active discharge 
species (O2-, O22-, Li2O2, LiO2 and LiO2-) are necessary to achieve high cycle efficiency [102].  
A search for appropriate and stable electrolytes is underway, but so far adequate reversibility 
remains elusive [101].  Thus, chemically and electrochemically more stable electrolyte is 
necessary to tackle several issues of non-aqueous Li-air battery mentioned above.   
Electrocatalyst: The reversibility of Li-air battery requires highly active elecrocatalyst for 
both the oxygen reduction reaction (ORR) during discharge and the oxygen evolution reaction 
(OER) during charge, although mechanism of catalytic activity is not clear yet [106].  Up to 
now, MnO2 is known to be the best among the studied metal oxides for Li2O2 decomposition 
during charge [111].  The key criteria for future electrocatalysts for Li-air battery are to 
exclusively promote the formation/decomposition of Li2O2, not the other discharge products, and 
to show stability over long-term experiment with low cost by reducing the use of precious metals 




1.5 Summary and Thesis Outline 
In summary, this thesis describes two different electrochemical energy conversion 
applications, electrochemical reduction of CO2 and lithium air battery. Chapter 2 – 4 mainly 
focus on improving energy efficiency as well as current density and durability for the 
electroreduction of CO2.  Chapter 2 presents the effect of diluted feed as well as electrolyte pH 
on cathode performance to improve overall energy efficiency for the electroreduction of CO2 to 
CO.  Chapter 3 discusses the effect of composition of micro porous layer and substrate on 
cathode performance to further optimize electrodes particularly for the electroreduction of CO2.  
Chapter 4 explores the new carbon material, carbon nanotube, for micro porous layer to improve 
the mass transport and durability.  Chapter 5 and 6 mainly focus on developing lithium air flow 
batteries and its electrodes to improve the discharge capacity and current density.  Chapter 5 
details the design and application of the new concept of a lithium air battery that has a flowing 
electrolyte to improve discharge current density.  Chapter 6 presents how cathodes improve 
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Influence of Dilute Feed and pH on Electroreduction of CO2 to CO 
on Ag in a Continuous Flow Electrolyzer* 
 
2.1 Chapter Overview 
Electrochemical conversion of CO2 to useful chemical intermediates may be a promising 
strategy to help reduce CO2 emissions, while utilizing otherwise wasted excess renewable energy.  
Here I explore the effect of diluted CO2 streams (10 to 100% by volume using N2 as diluting 
inert gas) on the product selectivity and on the CO/CO2 conversion ratio for the electrochemical 
reduction of CO2 into CO, specifically using a gas diffusion electrode loaded with Ag catalyst in 
a continuous flow electrolyzer.  When using diluted CO2 feeds for the electrolyzer, high 
Faradaic efficiencies for CO (>80%), high conversion ratios (up to 32% per pass), and partial 
current densities for CO of 29 mA/cm2 were still observed when operating the cell at 3.0 V.  
Most notably, when switching from a 100% CO2 feed to a 10% CO2 feed, the decrease in partial 
current density for CO less than 45% was observed.  Also, the effect of pH and the interplay 
between pH and the diluted CO2 feed was observed.  Higher levels of CO formation as well as a 
higher Faradaic efficiency for CO when using an alkaline electrolyte was reported, compared to 
when using a neutral or acidic electrolyte.  However, the effect of CO2 concentration in the feed 
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Excessive carbon dioxide (CO2) emissions have been identified as a significant contributor 
to global climate change [1].  Two of the major sources of CO2 emissions are transportation 
(cars and trucks) and power-plants, whose flue gas contains about 15% CO2 [2].  To reduce CO2 
emissions, multiple strategies are being considered, including the improvement of fuel efficiency 
of cars, building energy efficiency, the increased utilization of renewable energy resources, and 
carbon capture and sequestration (CCS) [3].  For example, carbon capture and sequestration 
(CCS) technology could contribute a 19% reduction in CO2 emissions, but at tremendous cost [4].  
Recently, the conversion of CO2 into useful chemicals such as carbon monoxide (CO) [5-10], 
formic acid [10-12], methanol [13-15], and ethylene [11, 15] has been proposed.  This strategy 
utilizes CO2 as feedstock, so it not only reduces CO2 emissions and reduces dependency on fossil 
fuels, but also has the potential to provide economic value [16].  Along these lines 
photochemical [13, 17, 18], biochemical [19, 20], and electrochemical [13, 18, 21] approaches 
are being explored for the conversion of CO2 into useful chemicals.  
The most attractive option to eliminate CO2 emissions in electrical power generation is to 
switch to renewable, carbon neutral energy sources such as solar and wind.  However, increased 
use of these sources is hampered by their inherent intermittent nature and the lack of large-scale 
energy storage capabilities [3, 4].  Varying the power output of most traditional fossil fuel 
power plants, especially coal power plants, in response to a sudden increase or decrease in the 
availability of power from renewable sources is challenging.  As a result, at times a significant 
fraction of renewable power when abundantly available is not being utilized.  The 
electrochemical reduction of CO2 into value added chemicals may provide a route to not only 
help reduce greenhouse gas emissions, it also could utilize this otherwise wasted excess electrical 
energy generated from renewable sources to synthesize chemicals that normally would have been 
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derived from fossil fuels.  
A previously reported cost analysis of processes that involves electrochemical conversion of 
CO2 for the production of products such as formic acid, methanol, and mixture of short 
hydrocarbons reveals that significant improvements in energy efficiency are needed before such 
processes become cost effective compared to the various current ways to produce these products 
[22].  In the last decade, research to pursue better methods for CO2 conversion in general [23], 
and to identify better catalysts for electroreduction of CO2, has drastically increased in intensity.  
On the other hand, process optimization to maximize overall energy efficiency has received 
much less attention.  One interesting option that has been studied is the use of effluent gas of 
power plants directly as the feed for CO2 conversion processes because it sidesteps the energy 
intense steps of CO2 capture and concentration.  For example, Kyriacou et al. reported on the 
influence of CO2 partial pressure on the electrochemical reduction of CO2 to C2H4 and CH4 when 
using a copper electrode in a three electrode cell [24].  Others reported that the removal of SO2 
was needed, but the presence of NO in the dilute CO2 feed had no influence on the 
electrochemical reduction of CO2 to C2H4 and HCOOH when using a copper-solid polymer 
electrolyte-based electrode [25]. 
Here the electrochemical reduction of CO2 into potentially interesting chemicals or 
intermediates such as formic acid, methanol, and short hydrocarbons are studied.  To date many 
studies have focused on the development of better catalysts [7, 11], electrodes [26, 27], and 
electrolytes [5, 6, 8].  Different catalysts are known to predominantly lead to the formation of 
specific products; Ag and Au are known to produce carbon monoxide (CO) with Faradaic 
efficiency often approaching 100% [26-28], while Sn and Pd lead to the production of formic 
acid and Cu leads to mixtures of short hydrocarbons [11].  Almost all of these research efforts 
have been conducted using highly pure CO2 feeds (>98%).  Furthermore, very few studies have 
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investigated the effect of electrolyte pH (or the change of pH over the course of cell operation) 
on the electrochemical reduction of CO2 [12]. 
In this chapter the electrochemical reduction of CO2 to CO, a potentially interesting 
intermediate in the production of a range of chemicals via the Fischer-Tropsch process [29], 
while using a dilute CO2 stream (such as the ~15% CO2 in flue gas) as the feed in an electrolyzer 
equipped with a Ag-based gas diffusion electrode.  To mimic the flue gas, diluted CO2 streams 
(10 to 100% by volume, using N2 for dilution) are used, and its impact on product selectivity 
(Faradaic efficiency for CO), CO2 utilization, and overall productivity (partial current density for 
CO) are reported.  Furthermore, the effect of electrolyte pH (4, 7, and 10) in the presence of 
different CO2 feeds (10% and 100%) on product selectivity and overall productivity are studied. 
2.3 Experimental  
2.3.1 Electrode Preparation 
Sigracet 35BC gas diffusion layers (GDLs, Ion Power) comprised of 5 wt% 
poly-tetrafluoroethylene (PTFE)-treated carbon paper and a teflonized microporous layer, were 
used for preparing gas diffusion electrode (GDE).  Both cathode and anode GDEs were 
prepared by applying catalyst ink via hand-painting following previously reported methods [7].  
In short, the catalyst ink for the cathodes consisted of 4.40 mg Ag catalyst (unsupported Ag 
nanoparticles, <100 nm particle size, 99.5% trace metals basis, Sigma-Aldrich), 5.20 µL Nafion 
solution (5 wt%, Solution Technology, 30:1 catalyst-to-Nafion ratio), as well as 200 µL of 
isopropyl alcohol (Sigma-Aldrich) and 200 µL Millipore water (18.2 MΩ) as the carrier solvents.  
The catalyst ink for the anodes was comprised of 2.50 mg Pt black (Alfa Aesar), 6.50 µL Nafion 
solution, as well as 200 µL of isopropyl alcohol and 200 µL Millipore water as the carrier 
solvents:.  To achieve uniform mixing, all the catalyst inks were sonicated for 15 minutes prior 
to use.  Then, to cover GDEs with catalysts (total geometric area of 2 cm2), all the inks were 
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applied via hand-painting with a paintbrush onto the teflonized carbon side of the GDL.  These 
GDEs were cut in half to create two electrodes.  The weight of the GDEs was measured 
before/after deposition of catalyst to determine the actual catalyst loading: 0.9 mg Ag/cm2 and 
1.0 mg Pt/cm2, respectively for the cathodes and anodes.  
 
2.3.2 Cell Assembly and Testing 
A schematic of the electrochemical flow reactor used in this study is shown in Figure 2.1, 
as reported previously [27, 30].  Two aluminum current collectors and a graphite collector with 
a window provide structural support for the electrochemical flow reactor.  These windows are 
used to clamp the two catalyst-coated GDEs, an anode and a cathode.  A 0.15-cm thick 
polyether ether ketone (PEEK) window was placed between the two GDEs, each with a 
geometric surface area of 1 cm2, to provide a flow field for the flowing liquid electrolyte.  The 
electrochemical flow reactor was operated using a potentiostat (Autolab PG30) under ambient 
pressure and temperature.  An aluminum gas flow chamber supplied the feed gas, comprised of 
CO2 (S.J. Smith, 100%) and N2 (S.J. Smith, 100%), on the cathode side while the anode was left 
open to the atmosphere.  The CO2 concentrations were varied from 10 to 100% by volume 
using N2 as the diluting component while the total flow rate was fixed at 7 sccm.  A syringe 
pump (Harvard Apparatus PHD 2000) supplied the electrolyte, either 1 M potassium chloride 
(KCl, Sigma-Aldrich, ≥99.9995% pure) in water, at 0.4 mL/min, or solutions of mono and 
dibasic potassium phosphate (KH2PO4, K2HPO4, Sigma-Aldrich, ≥99.0% pure) for pH dependent 
experiments (see below).  The effluent gas streams were characterized with a gas 
chromatograph (Trace GC, ThermoFisher Scientific) equipped with a Carboxen 1000 column 
(Supelco) and a thermal conductivity detector.  The liquid stream for the presence of additional 
products were not analyzed.  The sum of the Faradaic efficiencies (lower than 100%) indicates 
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that other products form for some of the operational conditions tested.  The identity of these 
other products is not essential for studying the effect of CO2 concentration in the feed on CO 
production.  Cell polarization curves were recorded by steady-state chrono-amperometric 
measurements.  The cell was allowed to reach steady state for 200s, at which point the current 
had stabilized.  Then, a sample of the effluent stream was injected into gas chromatography 
(GC) for product analysis, before stepping to the next potential and waiting for steady state again.  
Individual anode and cathode polarization curves were measured using a Ag/AgCl reference 
electrode (RE-5B, BASi) that was placed in the outlet reservoir of the electrolyte.  A new anode 
and cathode were used for every experiment.  No deactivation of electrode activity was 
observed during these short experiments.  Faradaic efficiencies, energetic efficiencies, and 
current densities are calculated by using equations reported previously [21].  
Experiments with electrolytes of different pH were performed using aqueous phosphate 
buffer solutions comprised of mono and dibasic potassium phosphate (KH2PO4, K2HPO4, 
Sigma-Aldrich, ≥99.0% pure).  Phosphate buffer was adjusted to pH 4, 7, or 10 by using 10M 
H3PO4 or 10M KOH.  For these studies a dual-electrolyte reactor [5], in which a Nafion-117 
membrane separates the catholyte (phosphate buffer solution) and the anolyte (1M KCl solution) 
are used.   
 
2.4 Results and Discussion 
To study the electrochemical reduction of CO2 to CO using dilute CO2 feeds, we used an 
electrochemical flow reactor as described in the experimental, equipped with respectively a 
silver catalyst and a platinum catalyst based gas diffusion electrode as the cathode and anode 
(Figure 2.1).  First we will report product selectivity and overall performance (Section 3.1) and 
then CO2 utilization (Section 3.2) when using the 1M KCl electrolyte.  Next we report cell 
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performance as a function of the pH of the electrolyte (Section 3.3).
 
 
Figure 2.1.  Schematic representation of the electrochemical CO2 flow reactor used in this 
study. Reprinted with permission from Electrochim. Acta 166, 271-276, (2015). Copyright 2015
Elsevier. 
 
2.4.1 Faradaic Efficiency and Current Density 
Figure 2.2a shows the product selectivities (Faradaic efficiencies) for CO and H2 as a 
function of different CO2 concentrations, ranging from 10 to 100% by volume, while Figure
2.2b and 2.2c show the corresponding partial current density curves for CO and H2.  The 
equilibrium cell potential for this process is -1.33 V (E°CO2/CO (25°C)= -1.33 V for CO2 → CO + 
½ O2), with CO2 reduction to CO on the cathode (E° = -0.10 V vs. RHE) and water oxidation to 
O2 on the anode (E° = 1.23 V vs. RHE).  Activation losses on each electrode (the anode and 
cathode overpotentials) will increase the actual cell potential that needs to be applied.  Here and 
in prior work [31, 32], an overpotential of at least 140 mV needs to be applied on the cathode, 
with an anode overpotential on the order of 300 mV.   
As expected, almost no CO or H2 production (less than 5 mA/cm2) at cell potentials of 2.25 
V were observed in our flow cell experiments.  Also, the Faradaic efficiency for CO at a cell 
potential of 2.5 V ranges from ~23 to ~60%, decreasing with lower CO2 concentration of the 
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feed (Figure 2.2a).  At cell potentials of 2.75 V 
and 3.0 V, partial current densities for CO2 of, 
respectively, 23.1 and 51.3 mA/cm2 are observed 
when using a 100% CO2 feed (Figure 2.2b).  
Upon diluting the CO2 feed, lower partial 
current densities for CO2 are observed, but even at 
a 10% CO2 feed they still are 11.7 and 29.0 
mA/cm2, respectively, for these two cell potentials.  
Furthermore, at these cell potentials the Ag cathode 
still achieves a Faradaic efficiency exceeding 80% 
CO, irrespective of the level of CO2 dilution, 
ranging from 10% to pure CO2 (100%) (Figure 
2.2a).  The fact that the drop in CO production is 
only 40-50% when changing the feed from pure to 
10-20% CO2 suggests that the electrochemical 
reduction of CO2 can be performed using flue gas 
from a power plant (~15% CO2), after the flue gas 
has been scrubbed of certain impurities that can act 
as a poison to the catalysts.
The observed trends in the dependence of the 
partial current density for CO as a function of the 
CO2 concentration in the feed are similar to what 
has been observed previously for CO2 reduction in 
3-electrode cell and in solid oxide fuel cells [24, 33, 
Figure 2.2.  (a) Faradaic efficiency 
for CO and H2, and partial current 
density of (b) CO, and (c) H2 as a 
function of CO2 concentration, 
ranging from 10 to 100 % (v/v) using 
N2 for dilution at four different cell 
potentials. Reprinted with permission 
from Electrochim. Acta 166, 271-276, 
(2015). Copyright 2015 Elsevier.
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34].  Specifically, this prior work showed that the current density observed for both cells are 
proportional to the partial pressure of reactant with various diluents.  In other words, high 
performance could be maintained with a certain percentage of reactant.  This is similar to what 
we observe here (Figure 2.2b): a higher CO2 concentration leads to a higher rate of reaction (i.e., 
higher current density).  
In terms of H2 evolution, except for the high H2 evolution observed when using a 10% CO2 
feed at a cell potential of 3.0 V, the Faradaic efficiencies for H2 were below 8% at all other 
conditions, suggesting that the use of diluted CO2 as the reactor feed does not significantly affect 
H2 evolution (Figure 2.2c).  The observed increase in H2 evolution at 10% CO2 may be due to 
the low CO2 concentration, which seemingly is not sufficient anymore to suppress H2 evolution.  
For all experimental conditions (except when using a 10% CO2 feed in combination with a cell 
potential of 3.0 V), the partial current density for H2 stayed below 2 mA/cm2, independent of the 
CO2 concentration in the feed. 
Next, the performance of the anode and cathode as a function of CO2 concentration in the 
reactant feed were analyzed (Figure 2.3).  As expected, the polarization curves of the anode all 
overlap, irrespective of the actual cell potentials used, between 2.25 and 3.0 V.  So any changes 
in performance as a function of CO2 concentration in the feed must be due to changes in the 
cathode polarization, as is evident in Figure 2.3.  Irrespective of cell potential applied, minimal 
or no change in cathode polarization curves is observed when lowering the CO2 concentration in 
the feed from 100% to 70%, as is also evident from the data shown in Figure 2.2b.  However, 
when feeds with lower CO2 concentrations are used the cathode polarization gradually increases, 
so at identical cathode potential a lower current density is observed.  In summary, lower CO2 




Figure 2.3.  Individual electrode polarization curves and magnified view of cathode 
polarization curves for cells operated with different CO2 concentrations from (10 to 100% (v/v)). 
Reprinted with permission from Electrochim. Acta 166, 271-276, (2015). Copyright 2015 
Elsevier. 
 
2.4.2 CO2 Utilization per Pass 
The utilization of CO2 per pass, expressed in the ratio of the amount of produced CO over the 
amount of CO2 injected, as a function of CO2 concentration werer studied.  This ratio represents 
a measure of the CO2 utilization toward the desired product CO.  Diluted CO2 feeds lead to 
higher CO over CO2 ratios than when using pure CO2 feeds (Figure 2.4): Specifically, when 
using a 10% CO2 feed, maximum CO over CO2 ratios of 0.02, 0.13, and 0.32 were achieved at 
cell potentials of 2.5, 2.75, and 3.0 V cell potentials, whereas minimum CO over CO2 ratios of 
0.01, 0.02, and 0.05, were obtained at these same cell potentials when using a 100% CO2 feed.  
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In other words, the utilization of CO2 per pass increased up to 6 fold by using diluted CO2
streams.  Also, the utilization of CO2 is enhanced with increasing cell potentials, implying that 
electrochemical conversion of diluted CO2 may be more effective at higher cell potentials. Also 
note that CO formation only increases by a factor of 2 (or less) upon increasing the feed 
concentration by a factor of 10 (from 10 to 100%; Figure 2.2).  This indicates that catalytic 
performance is limited by the catalyst used (Ag nanoparticles).  Better catalyst will be needed to 
improve CO2 utilization at high concentration CO2 feeds.
 
Figure 2.4.  Ratio of CO over CO2 as a function of CO2 concentration, ranging from 10 to 
100% (v/v) using N2 for dilution at four different cell potentials.  N=4 for each data point.
Reprinted with permission from Electrochim. Acta 166, 271-276, (2015). Copyright 2015 
Elsevier. 
2.4.3 Performance as a Function of Electrolyte pH  
The electrochemical reduction of CO2 to different products on different catalysts may very 
well depend on the pH of the electrolyte [12, 35].  Furthermore, depending on the specific 
reactions taking place at the cathode, the pH of the electrolyte may change upon operating the 
cell.  When using 1M KCl as the electrolyte (pH ~6.5), we determined that the pH at the outlet 
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rose to as high as pH 9.5 upon increasing the cell potential, presumably due to the increased 
production of hydroxyl ions at the cathode.  Also, the change in pH was bigger by 0.5 to 1.0 pH 
units when using a 10% CO2 feed instead of a 100% CO2 feed were noted.  This difference can 
probably be explained by the difference in the amount of CO2 that dissolves into the electrolyte 
(reacts with water) and then equilibrates to form protons and HCO3-.  When using a 10% feed a 
smaller amount of protons forms to counteract the hydroxyls being produced at the cathode, 
leading to a higher (more alkaline) pH. 
In order to systematically study how the pH affects CO formation in the electrochemical 
reduction of CO2 we switched to using phosphate buffer (0.5M K2HPO4 and 0.5M KH2PO4) as 
the electrolyte, because the pH of a non-buffered KCl solution cannot be controlled precisely 
given the amount of hydroxyl being formed at the cathode (see above).  The phosphate buffer 
was adjusted to pH 4, 7, and 10 using either 10M KOH or 10M H3PO4.  Figure 2.5 shows the 
Faradaic efficiency for CO and the partial current density for CO for experiments performed with 
different CO2 feeds (10% and 100%) and electrolytes of different pH (4, 7, and 10).  In 
agreement with the results with 1M KCl electrolyte reported above (Figure 2.2b), for all cases a 
3-16 times higher current density is observed when using a 100% CO2 feed instead of a 10% 
CO2 feed.  The highest partial current density for CO is obtained when using the alkaline 
electrolyte, particularly at the highest cell potentials, with successively lower partial current 
densities being observed when using the neutral and acidic electrolyte (Figure 2.5b).  The 
increase (or decrease) in current density when changing the pH from neutral to alkaline (or acidic) 
at the highest cell potentials is only about 12 mA/cm2, which is a factor of about 1.5 higher in 
alkaline media (about 1.5 times lower in acidic media) than the current density observed in a 
neutral electrolyte. 
The highest Faradaic efficiency for CO is observed at high cell potentials when using the 
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alkaline electrolyte (up to 80-95%), with successively poorer selectivity for neutral and acidic 
electrolytes.  This is in agreement with the observations reported above when using 1M KCl 
electrolyte (Figure 2.2).  As expected, H2 evolution was predominant when using the acidic 
electrolyte, and at lower cell potentials.  For most sets of conditions, the difference in Faradaic 
efficiency when using a 10% feed or 100% feed is more pronounced when using the neutral or 
acidic electrolyte.   
 
Figure 2.5.  (a) Faradaic efficiency for CO and (b) Partial current density of CO as a function 
of cell potential for 3 different pH levels and two different CO2 concentration (10 and 100%).
Reprinted with permission from Electrochim. Acta 166, 271-276, (2015). Copyright 2015 
Elsevier. 
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Interestingly, a higher Faradaic efficiency for CO and a higher partial current density for CO 
were observed when using the alkaline electrolyte.  In this study, the specific mechanism for 
CO2 reduction in alkaline electrolyte were not unraveled.  One can speculate, however, that the 
higher partial current density for CO observed when using an alkaline electrolyte is due to a 
higher number of available of active sites, but further research would be needed to confirm this.  
In general, CO2 reduction proceeds in competition with H2 evolution in aqueous electrolytes.  
For example, Wu et al. emphasized controlling the H+ concentration near the cathode surface, 
because excessive amounts of H+ could lead to high H2 [36].  In acidic and/or neutral 
electrolyte, the higher H+ concentration leads to H+ successfully competing with CO2 for the 
active sites on the cathode surface, resulting in a significantly lower Faradaic efficiency for CO.  
Upon increasing the pH (lowering the H+ concentration), more active sites become available, so 
the CO formation reaction is facilitated while H2 evolution is suppressed.  In summary, the 
extent of CO formation can be understood by mediation of the H+ concentration near the cathode 
surface. 
In sum, an alkaline pH helps to achieve high Faradaic efficiency for CO, but the effect of 
CO2 concentration on the partial current density for CO is more significant than the effect of pH. 
 
2.5 Conclusions 
The interplay between cathode performance and CO2 concentration in the feed as well as 
electrolyte pH in the electrochemical reduction of CO2 into CO is investigated with respect to 
selectivity (Faradaic efficiency for CO) and absolute production (partial current density for CO).  
High Faradaic efficiency for CO (>80%) and high utilization of CO2 (>30%) could be achieved 
even at CO2 concentration down to 10%, provided high cell potentials are used.  In terms of 
absolute CO production, when operating at 10% CO2 concentration, the partial current density 
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for CO is still 55% (29 vs. 51 mA/cm2 at a cell potential of 3.0 V) of the partial current density 
measured when operating with a 100% CO2 feed.  Higher levels of CO formation and a higher 
Faradic efficiency for CO are also observed in alkaline electrolyte, compared to neutral or acidic 
electrolyte.  However, the partial current density for CO is affected significantly more by 
changes in CO2 concentration than by a pH change.  These results suggest that the 
electrochemical conversion of CO2 to CO can be performed efficiently while using a diluted CO2 
stream, such as flue gas (~15% CO2), thus avoiding an energy intensive CO2 concentration step;  
The use of a pure or highly concentrated CO2 feed is not vital for overall efficiency.  This 
implies that the direct use of flue gas as a feed for electrochemical reduction to CO has promise, 
although further advances in CO separation from gas mixtures resulting as the product stream 
(CO, as well as unreacted CO2 and N2) are needed.  Efforts to further improve catalysts and 
electrodes for electrochemical CO2 reduction will also help the prospects of using dilute CO2 
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Effects of Composition of the Micro Porous Layer and the Substrate 
on Performance in the Electrochemical Reduction of CO2 to CO† 
 
3.1 Chapter Overview 
With the development of better catalysts, mass transport limitations are becoming a challenge to 
high throughput electrochemical reduction of CO2 to CO.  In contrast to optimization of 
electrodes for fuel cells, optimization of gas diffusion electrodes (GDE) – consisting of a carbon 
fiber substrate (CFS), a micro porous layer (MPL), and a catalyst layer (CL) – for CO2 reduction 
has not received a lot of attention.  In this Chapter, the effect of the MPL and CFS composition 
on cathode performance in electroreduction of CO2 to CO was investigated.  In a flow reactor, 
optimized GDEs exhibited a higher partial current density for CO production than Sigracet 35BC, 
a commercially available GDE.  By performing electrochemical impedance spectroscopy in a 
CO2 flow reactor, a loading of 20 wt% PTFE in the MPL resulted in the best performance.  Also 
the influence of the thickness and wet proof level of CFS was investigated with two different 
feeds, 100% CO2 and the mixture of 50% CO2 and N2, determining that thinner and lower wet 
proofing of the CFS yields better cathode performance than when using a thicker and higher wet 
proof level of CFS.  
 
3.2 Introduction 
Over the past several decades the atmospheric carbon dioxide (CO2) concentration has risen 
to levels that are now being associated with climate change as well as the abnormal weather 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
† Part of this work has been published: Kim, B., Hillman, F., Ariyoshi, M., Fujikawa, S. & Kenis, P. J. A. Effects of 
composition of the micro porous layer and the substrate on performance in the electrochemical reduction of CO2 to 
CO. J. Power Sources. 312, 192-198, (2016).  Copyright 2016.  Reproduced with permission from Elsevier. 
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patterns [1].  To curb this CO2 rise and ultimately to lower the CO2 levels in the atmosphere, 
multiple strategies will have to be implemented, including carbon capture and sequestration, 
improvement of fuel efficiency in the transportation sector, improvement of energy efficiency in 
buildings, and of course the increased utilization of renewable energy sources, such as solar and 
wind, which do not produce CO2 [2].  However, the intermittent nature of renewable sources 
necessitates large-scale energy storage or on-demand utilization to exploit energy produced by 
these renewable sources to maximum, especially for times when the produced renewable energy 
exceeds demand of the grid.  Electrochemical reduction of CO2 into value-added products such 
as carbon monoxide (CO), formic acid, ethylene and ethanol may provide an additional option to 
not only reduce CO2 emissions but also utilize excess, otherwise wasted energy from intermittent 
renewable sources [3-5].  Furthermore, utilization of CO2 as a feedstock for chemical 
production may reduce global dependency on fossil fuel resources [6, 7]. 
Significant work is ongoing to improve the catalysts needed for electrochemical reduction of 
CO2 to different products [8-11].  With better catalysts becoming available, mass transport 
limitations to and from the electrode surface need to be overcome for electrochemical reduction 
of CO2 to become economically viable.  Several factors, including operation under elevated 
pressure, the use of different gas diffusion electrodes (GDEs), and the use of non-aqueous 
electrolytes, have been studied to improve diffusive mass transport of the reactants and products 
to and from the electrodes, and how this effects performance [5].  
GDEs have been studied previously for a range of electrochemical applications including fuel 
cells but have not been optimized explicitly for the electrochemical reduction of CO2 [12-27].  
A GDE consists of a carbon fiber substrate (CFS), a micro porous layer (MPL), and a catalyst 
layer (CL) [15, 26].  In detail, an MPL, typically is composed of carbon powder and 
poly-tetrafluoroethylene (PTFE), is known to reduce the contact resistance between the CL and 
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the CFS by forming a flat and strong interfacial layer [26, 27].  The MPL is also key in 
maintaining separation between the liquid and gas phase, which is achieved through high surface 
tension of the liquid-gas-solid interface within its pores [19, 26].  The extent of this surface 
tension can be varied by changing the wettability of the MPL [14-18]. 
 In our prior and ongoing work, an electrochemical flow reactor, in which a liquid electrolyte 
flows between two GDEs (a cathode for CO2 reduction and an anode for O2 evolution), is used 
while a gaseous CO2 feed flows on another side of cathode GDE, and the anode GDE is exposed 
to the ambient [28-33].  In addition to control over diffusion-based mass transport of reactants 
and products close to and within the GDE, control over the liquid electrolyte stream and the 
gaseous CO2 feed is important to maintain pressure balance across the GDEs in order to achieve 
optimum performance in the electrochemical reduction of CO2 in such an electrochemical flow 
reactor.  
Previously, GDEs have been studied with the goal to improve performance in proton 
exchange membrane fuel cells (PEMFCs).  Many researchers surmised that the main two 
factors leading to better performance in PEMFCs were better mass transport and higher electrical 
conductivity [14, 17-19, 26].  To improve these factors, some researchers have optimized the 
MPL composition, a specific ratio of the amounts of carbon powder and PTFE [14, 15, 18, 19].  
Other work studied that the effect of thickness and the level of wet proofing of the CFS on 
electrode flooding and overall cell performance in PEMFCs [17-19, 23-25].  In all this prior 
work, the GDEs were optimized for fuel cells, using hydrogen as the fuel.  GDEs used for the 
electrochemical reduction of CO2 will have to be optimized to meet the needs of this chemical 
conversion.  In prior work, an automated air-brush-based catalyst layer deposition method was 
developed to achieve a thin and uniform catalyst layer, leading to increased current density and 
improved product selectivity in CO2 reduction [28].  Other work shows that addition of PTFE 
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into the catalyst layer enhances CO2 diffusion and in turn improves cathode performance for the 
reduction of CO2 to formic acid [34].  Further work is needed, however, to optimize GDEs 
particularly to facilitate transport of CO2 and the products formed, by studying the effects of CFS 
and MPL composition. 
Here the effect of MPL and CFS composition on cathode performance was explored for the 
electrochemical reduction of CO2 to CO.  Specifically, the hydrophobicity of the MPLs (by 
varying the PTFE content) and different levels of wet proofing of CFSs of different thickness 
were studied to obtain better cathode performance.  These different GDEs, including a 
commercially available GDE, are tested in electrochemical flow reactor with respect their ability 
for electroreduction of CO2 to CO.  Electrochemical impedance spectroscopy (EIS) is used to 
relate the observed performance with GDE composition.  Furthermore, to observe the 
improvement of mass transport with the optimization of GDEs, performance using two different 
feeds (100% CO2 and the mixture of 50% CO2 and 50% N2) was compared.   
 
3.3 Experimental 
3.3.1 Preparation of GDEs 
Figure 3.1 shows the sequence of steps used to fabricate the GDEs used in this study.  To 
prepare carbon ink for the MPL, a mixture of carbon powder (carbon black Vulcan XC-72R, Fuel 
cell store), 100 µL of Milipore water (18.2 MΩ), 200 µL of isopropyl alcohol (Avantor), and 
different amounts of 60 wt% PTFE dispersion in water (Sigma Aldrich) was sonicated for 30 
minutes.  The resulting carbon pastes were cast onto different Toray papers (Fuel Cell Earth), 
followed by drying for 3 hours.  The sample was sintered under N2 at 350!°C for 30 minutes to 
distribute PTFE throughout the MPL.  To determine the optimum amount of PTFE in the MPL, 
PTFE amounts were varied between 4.5 and 50 wt% of the MPL.  Furthermore, for the study of 
CFSs, the thickness and wet proofing of Toray paper were varied between 170 and 380 µm and 
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between 5 and 50 %, respectively.  For comparison, commercially available Sigracet 35BC gas 
diffusion layers (GDLs, Ion Power) comprised of 5 wt% PTFE-treated carbon paper and a 
teflonized microporous layer, were used.   
To prepare the catalyst ink for the cathodes, 200 µL of Milipore water (18.2 MΩ), 4.0 mg of 
Ag catalyst (unsupported Ag nanoparticles, <100 nm particle size, 99.5% trace metals basis, 
Sigma-Aldrich), 5.2 µL of Nafion solution (5 wt%, Fuel Cell Earth), and 200 µL of isopropyl 
alcohol (Avantor) were mixed.  Then, to cover electrodes with this Ag cathode catalyst, the 
catalyst inks were applied onto the GDLs, so onto the MPL deposited on Toray paper (See 
above), or onto the teflonized carbon side of Sigracet 35 BC, using an automated air-brushing 
deposition setup [28].  The total geometric area of the cathode GDE covered with catalyst is 2 
cm2.  The catalyst ink for the anodes was comprised of 4.20 mg IrO2 black (Alfa Aesar), 13.0 
µL Nafion solution, as well as 200 µL of isopropyl alcohol, and 200 µL Millipore water (18.2 
MΩ) as the carrier solvents [29].  This catalyst ink is painted on a Sigracet 35BC over a 
geometric area of 1.0 X 2.5 cm2 using a paintbrush.  To achieve uniform mixing, all the catalyst 
inks were sonicated for 15 minutes prior to paint.  The weight of the GDEs was measured 
before/after deposition of catalyst to confirm the actual catalyst loading: 0.8 mg Ag/cm2 and 2.0 




Figure 3.1. Fabrication procedure for GDE. Reprinted with permission from J. Power Sources 
312, 192-198, (2016). Copyright 2016 Elsevier. 
 
3.3.2 Electrochemical Flow Reactor Assembly and its Use for Electrode 
Testing 
An electrochemical flow reactor used in this study as reported previously was used to 
perform the electrochemical reduction of CO2 to CO [28-30].  In short, the flow reactor in 
which two catalyst-coated electrodes (an anode and a cathode) are separated by a flowing liquid 
electrolyte was used.  On the cathode side, a gas chamber supplied CO2 while the anode was 
open to the atmosphere for O2 to escape.  With the use of 1 M potassium hydroxide (KOH, 
Fisher Scientific, certified ACS pellets) in water, the CO2 electroreduction reaction takes place 
on the cathode whereas the oxygen evolution reaction takes place on the anode.! ! A syringe 
pump (PHD 2000, Harvard Apparatus) supplied the electrolyte, 1 M KOH in water, between the 
anode and cathode GDEs at a flow rate of 0.5 ml min-1.  The electrochemical flow reactor was 
operated using a potentiostat (Autolab PGSTAT-30, EcoChemie) under ambient pressure and 
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temperature.  For each applied potential, the cell was allowed to reach steady state for 200s, at 
which point the current had stabilized.  The current at a given applied potential was obtained by 
averaging the current over 180s.  The individual electrode potentials were recorded using 
multimeters (AMPROBE 15XP-B) connected to each electrode and a reference electrode 
(Ag/AgCl, RE-5B, BASi) placed in the electrolyte exit stream.  The gaseous product stream 
was characterized using a gas chromatograph (Trace GC, ThermoFisher Scientific) equipped 
with a Carboxen 1000 column (Supelco) and a thermal conductivity detector.  The only cathode 
products detected by GC were CO and H2 when using Ag as the catalyst.  A mass flow 
controller (MASS_FLO, MKS instrument) was used to set the CO2 (S.J. Smith Welding Supply) 
and N2 (S.J. Smith Welding Supply) at 7 sccm of total flow rate.  A freshly prepared cathode 
was used for every experiment.  Each anode was used for 3 to 5 experiments.  No deactivation 
of electrode activity was observed during each experiment.  The pH of the electrolyte was 
measured using a calibrated pH meter (Thermo Orion, 9106BNWP).  Faradaic efficiencies and 
current densities are calculated by using equations reported previously [4].   
 
3.3.3 Physical Characterization of Electrodes 
The structure of the GDEs was characterized using SEM and Micro-CT.  Cross-sectional 
images of samples were obtained using SEM (Philips XL30 ESEM-FEG) using an acceleration 
voltage of 10.0 kV and a spot size of 3.0 nm, resulting in a magnification of 1,300.  Images of 
the structural features of the top surface of the GDEs over an area of several square millimeters 
was obtained using Micro-CT (Micro-XCT 400, Xradia) using an X-ray source at 40kV and a 
current of 200 µA.    
 
3.3.4 Electrochemical Impedance Spectroscopy  
Electrochemical impedance spectroscopy (EIS) was carried out on the electrochemical flow 
53 
reactor using the frequency response module of the potentiostat (Autolab PGSTAT-30, 
EcoChemie) under ambient pressure and temperature.  The spectra were recorded at a cell 
potential of - 2.00 V with an ac-amplitude of 10 mV over the frequency range from 0.1 Hz to 10 
kHz.  The high frequency intercepts on the x-axis of the Nyquist plot represent the internal 
resistance of the cell (Rcell) which includes the cell contact resistance and the electrolyte solution 
resistance.  The diameter of the semicircular feature represents the charge transfer resistance 
(Rct) of the cell. 
 
3.3.5 Gas Permeation Experiment 
Prepared GDE samples were placed on a stainless steel mesh support and this assembly was 
mounted on a homemade cylindrical holder, with an outer and inner diameter of 12 mm and 25 
mm, respectively.  The area tested for gas permeability equals the area of the inner diameter, 
1.13 cm2.  Then, another cylindrical sample holder connected with the tube for gas inlet is 
placed on top.  A CO2 feed gas was introduced from the inlet at a flow rate of 100 sccm.  The 
gas pressure just before the membrane is monitored.  The flow rate of the permeant gas was 
determined using a bubble flow meter (Horiba, Co. Ltd., Film flow meter VP-2).  
!
3.4 Results and Discussion 
3.4.1 Effect of Micro Porous Layer (MPL) 
GDEs based on Toray paper with and without an MPL (1 mg cm-2 carbon and 20 wt% PTFE) 
were tested to underline the importance of the MPL (Figure 3.2).  For both tests, an identical 
catalyst loading of 0.8 mg cm-2 and 1 M KOH as the electrolyte are used.  The GDE with MPL 
exhibits better performance than the GDE without MPL (Figure 3.2e).   
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Figure 3.2. Micro-CT images (top view) and SEM images (cross-sectional view) of Ag-sprayed 
on Toray paper with MPL (a) and (b); and without MPL (c) and (d).  (e) Partial current density 
for CO with two GDEs: Ag-sprayed on Toray paper with and without MPLs. Reprinted with 
permission from J. Power Sources 312, 192-198, (2016). Copyright 2016 Elsevier. 
Specifically, at -2.05 V vs. Ag/AgCl, the partial current density for CO for the GDE with 
MPL was 280 mA cm-2, whereas the partial current density for CO for the GDE without MPL 
was only 28 mA cm-2 (about 10 times lower).  SEM and Micro-CT show that catalyst is 
uniformly distributed on the MPL for the GDE with MPL (Figure 3.2a and b).  In the absence 
of an MPL, the obtained partial current densities for CO were below 30 mA cm-2, irrespective of 
the cathode potentials.  This poor performance observed for GDEs that lack an MPL can be 
explained by several factors, including irregularly distributed Ag particles on and between the 
carbon fibers of the CFS (so a poorly defined catalyst layer, CL), and as a result, the presence of 
exposed carbon fibers, leading to undesired high levels of H2 evolution.  Both structural 
features are apparent from SEM and Micro-CT data (Figure 3.2c and d).  Also, the absence of 
an MPL causes saturation of the CFS with electrolyte, often leading to flooding of the CL during 
testing.  Novel methods to deposit CLs directly on the CFS could improve catalyst utilization, 
but the existence of MPLs is still important to improve the performance of the GDE by being 
able to better contain the electrolyte.  The better performance obtained for GDEs with MPL can 
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be attributed to improved electrolyte management (the ability to suppress flooding), as well as 
increased electronic conductivity of the GDE, and reduced loss of catalyst by ink penetration into 
the CFSs during deposition [19, 26, 35].  As expected, the results here indicate that the presence 
of an MPL in GDEs is key in providing physical support for the CL and in providing better 
control over the electrolyte, leading to better performance for reduction of CO2. 
 
3.4.2 Effect of PTFE in MPL 
Next the effect of the amount of PTFE in MPLs on the electrochemical reduction of CO2 was 
studied.  PTFE is commonly used as a binder, connecting separate carbon particles.  A higher 
PTFE content increases the hydrophobicity of MPLs at the expense of increasing electrical 
resistance.  The carbon loading in the MPLs was kept constant for all MPLs.  Other 
researchers investigated the effects of carbon loading in PEMFC because an MPL needs to be 
thick enough to remove water produced during the reaction [18, 35, 37].  However, for 
electrochemical reduction of CO2, the role of MPL may be reduced because the MPL does not 
need to transport water but needs to be hydrophobic enough to keep the electrolyte confined to 
the CL side of the MPL.  Prior work has shown that thin MPLs provide a short gas diffusion 
path and thus improve gas diffusion, leading to better performance in PEMFCs [17, 19].  For 
the same reasons, thin MPLs (in the range of 15 µm, corresponding to a loading of about 1 mg 
cm-2 carbon) were used in this study.  These MPLs are sufficiently thick to form a complete 
layer on top of Toray paper while they allow easy diffusional access for the reactants to reach the 
catalyst sites. 
To investigate the effect of the amount of PTFE in the MPLs on cathode performance, GDEs 
comprised of MPLs with different amounts of PTFE (4.5 to 50 wt%) but identical CLs were 
fabricated and tested in the CO2 flow reactor.  In prior work, reported optimized values for the 
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amount of PTFE in MPLs for fuel cells have varied from 10 to 30 wt%, with the specific optimal 
amount depending on the structure of the cells used as well as their operating conditions [14, 15, 
17].  Figure 3.3 a-d shows plots of the partial current density for CO and H2 versus the cathode 
potential for GDEs prepared with a constant Ag loading of 0.8 mg cm-2.  For GDEs with 4.5 to 
20 wt% PTFE MPLs, the data indicates that the higher PTFE amount, the higher partial current 
density for CO and the lower partial current density for H2, especially at more negative cathode 
potentials (Figure 3.3a and b).  The partial current density for CO reaches a maximum value 
for GDEs with 20 wt% PTFE MPLs, and then decreases with a further increase in the amount of 
PTFE in MPLs (Figure 3.3c). !
High partial current densities for H2 are observed for GDEs with 4.5 to 10 wt% PTFE MPLs 
(Figure 3.3b).  Insufficient hydrophobicity in the MPLs results in flooding of the electrode, 
which in turn hampers diffusion of CO2 to the CL.  Also, the GDEs with low PTFE amounts in 
MPL exhibit poor durability, evident from areas of exposed CFS being visible after testing; the 
low PTFE amount in these MPLs was insufficient to retain the carbon particles and CL during 
operation.  These observed trends in the dependence of the partial current density for CO as a 
function of the PTFE amount (4.5 to 20 wt%) are similar to what has been observed previously 
in fuel cells [14, 15, 22].  
On the other hand, for GDEs with 30 to 50 wt% PTFE MPLs, the partial current densities for 
CO decreased with a further increase of the amount of PTFE (Figure 3.3c).  Specifically, at -2.2 
V vs. Ag/AgCl, the partial current density for CO for GDE with a 20 wt% PTFE MPL was 280 
mA cm-2, whereas GDEs with 40 wt% and 50 wt% PTFE MPLs reached only 198 and 183 mA 
cm-2, respectively (Figure 3.3f).  Compared to our prior work [29], the GDE with the 20 wt% 
PTFE MPL led to an enhancement in cathode performance of up to 5% under the same 
conditions with the same catalysts, despite of a slightly lower Ag loading (0.8 instead of 1.0 mg 
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cm-2).  Also, note that the GDEs with MPL achieve a Faradaic efficiency for CO exceeding 
90%, irrespective of the PTFE amounts present in the MPL. 
 
Figure 3.3. Partial current density for CO and H2 as a function of different potentials for GDEs 
comprised of MPLs with different amounts of PTFE wt%: (a) and (b) 4.5, 7, 10, 15 and 20 wt%. 
(c) and (d) 20, 30, 40 and 50 wt%. (e) Impedance spectra for GDEs at a cell potential of -2.0 V. (f) 
Partial current density for CO at a cathode potential of -2.2 V vs. Ag/AgCl as a function of GDEs 
with different PTFE amounts of MPL. N=3 for each data plot. Reprinted with permission from J. 
Power Sources 312, 192-198, (2016). Copyright 2016 Elsevier. 
EIS data (Figure 3.3e) suggests that the increased electrical resistance (charge transfer 
resistance, Rct) may have caused a decrease in performance for GDEs with a PTFE loading 
exceeding 20 wt% in MPL.  The electrical resistance increases by a factor of 3 as PTFE 
amounts in MPL change from 20 to 50 wt% while the cell resistance, Rcell, is approximately the 
same for all GDEs, irrespective of the amount of PTFE in the MPLs.  This increase in Rct can 
be explained by a decrease of conductivity in GDE due to the higher non-conductive material 
content (PTFE), which is similar to what has been observed in the fuel cell literature [21].  
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Alternatively, the low cathode performance for GDEs with more than 20 wt% PTFE in their 
MPLs may be due to limited diffusion of CO2, as a result of the higher amounts of PTFE 
reducing the porosity of the GDEs [24].  For example, Lin et al. stated that the pore diameter 
and corresponding pore volumes of the GDLs may be key to the high performance observed in 
fuel cells [23].   
Table 3.1. Physical properties and composition of gas diffusion electrodes. 
Sample composition 
(Carbon / MPL PTFE / 
CFS thickness-wet 
proofing) 














1/20%/60-10% 1.0 20  15 Toray-60 190 10 
1/20%/90-10% 1.0 20 15 Toray-90 280 10 
1/20%/120-10% 1.0 20 15 Toray-120 370 10 
1/20%/60-30% 1.0 20  15 Toray-60 190 30 
1/20%/60-50% 1.0 20 15 Toray-60 190 50 
Sigracet 35BC unknown1 unknown1 80 Sigracet 35 BC 325 5 
1.  The commercial provider did not provide this information. 
 
!
3.4.3 Effect of Wet Proof Level in CFS  
One of the main advantages of the homemade MPLs studied in Section 3.4.2 is that the 
optimal composition of MPL could be applied onto a variety of CFSs.  The 20 wt% PTFE MPL, 
which showed the optimum performance earlier, was applied to the different wet proof level of 
CFSs (10 – 50%).  Table 3.1 provides details on the GDE samples with the different level of 
wet proofing of their CFSs.   
To observe improvement of mass transport with the optimization of GDE, their performance 
was tested with two different reactant feeds (100% CO2 and the mixture of 50% CO2 and 50% 
N2).  As expected, the partial current density for CO increases with increasing CO2 partial 
pressure (Figure 3.4).  Mass transport limitation was only observed when using the mixture of 
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50% CO2 and 50% N2 as a feed (Figure 3.4b).  Figure 3.4 also shows that the GDE containing 
a CFS with a wet proof level of 10% exhibits a higher partial current density for CO than GDEs 
with CFS with higher wet proof levels (30 and 50%) regardless of the reactant feed used.  
Specifically, the GDE with 10% wet proof level of CFS exhibits 224 mA cm-2 of partial current 
density for CO, whereas the GDEs with 30 and 50% wet proof level of CFSs show 190 and 
158.41 mA cm-2 of partial current density for CO, respectively at cathode potential of - 2.05 V 
when using a 100% CO2 feed (Figure 3.4a).  A similar trend was found when using the 50-50 
CO2 and N2 feed (Figure 3.4b).   
Also, gas permeability and electrical resistance of some of the GDEs, which were properties 
that are known to be important in determining their performance [14, 17, 19, 26], were 
determined.  GDEs with a lower level of wet proofing level exhibited higher gas permeability, 
but the observed difference is not sufficient to explain the difference in cathode performance 
(Table 3.2).  In contrast, the GDE with 10% wet proofing exhibited a much lower electrical 
resistance than the GDEs with 30 and 50% wet proof levels (Figure 3.4c), so the difference in 
cathode performance can be mainly attributed to this difference in electrical resistance.   
 
Table 3.2. Gas permeation data for GDEs with different level of wet proofing and different 
thickness of the CFSs. 
Sample composition 
(Carbon / MPL PTFE / CFS 
thickness-wet proofing) 
Flow rate of 
permeant gas 
(ml min-1) 
1/20%/60-10% 72.42 ± 0.72 
1/20%/90-10% 70.19 ± 0.70 
1/20%/120-10% 69.25 ± 0.69 
1/20%/60-30% 71.13 ± 0.71 
1/20%/60-50% 70.72 ± 0.70 




Figure 3.4. Partial current density for CO as a function of different potentials for GDEs with 
different wet proof level of CFSs (10 - 50%) with two different feeds of (a) 100% CO2 and (b) 
mixture of 50% CO2/ 50% N2. (c) Impedance spectra for GDEs with different wet proof level of 
CFSs at a cell potential of -2.0 V. N=3 for each data plot. Reprinted with permission from J. 
Power Sources 312, 192-198, (2016). Copyright 2016 Elsevier. 
Next, to test the durability of the GDEs with different wet proof levels, the cathode 
performance was investigated during continuous operation in a CO2 flow reactor over 4 hours at 
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a cathode potential of -1.60 V vs. Ag/AgCl. Neither flooding of electrolyte through GDE nor 
any significant performance drop was observed for the two GDEs tested (wet proofing of 10 and 
50%) over this 4-hr test (Figure 3.5).  This data suggests that both electrodes are stable under 
these operation conditions for multiple hours, but longer experiments would be needed to 
determine their durability over more extended periods of time.  Given that the GDEs with lower 
levels of wet proofing exhibit better cathode performance, and that there is no difference in 
stability, these GDEs should be used for electrochemical reduction of CO2.
 
Figure 3.5. Partial current density for CO as a function of time when using GDEs with 10% and 
50% wet proof level of CFSs over a total of 4 hours. Reprinted with permission from J. Power 
Sources 312, 192-198, (2016). Copyright 2016 Elsevier. 
3.4.4 Effect of Thickness in CFS 
Next, to try to further improve cathode performance, different GDEs comprised of an MPL 
loaded with 20 wt% PTFE and a CFS with a 10% wet proof level (the optimum compositions 
determined in the sections above) but with CFSs of different thickness were tested, as specified 
in Table 3.1.  Figure 3.6 shows that the GDE with the thinner CFS (carbon/PTFE/CFS 
thickness-wet proofing = 1/20%/60-10%) exhibits a higher partial current density for CO than 
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the GDEs with the thicker CFSs (1/20%/90-10% and 1/20%/120-10%) including the 
commercially available Sigracet 35BC, regardless of whether a 50% CO2 or 100% CO2 reactant 
feed was used. The enhanced cathode performance is more significant when using the dilute 
feed (50-50 CO2 and N2).  The GDE with thinner CFS exhibits a partial current density for CO 
of 171.5 mA cm-2, whereas the commercial GDE (Sigracet 35BC) exhibits only 125 mA cm-2
when applying a cathode potential of - 2.05 V and using a 50-50% CO2 and N2 feed (Figure
3.6b).  Upon reducing the thickness of the CFS reduces from 370 to 190 µm, the measured gas 
permeability of these GDEs also improves which explains their enhanced cathode performance 
(Table 3.2).  
!
Figure 3.6. Partial current density for CO as a function of different potentials for GDEs with 
different thickness of CFSs (including Sigracet 35BC) with two different feeds of (a) 100% CO2 
and (b) mixture of 50% CO2/ 50% N2. N=3 for each data plot. Reprinted with permission from J. 
Power Sources 312, 192-198, (2016). Copyright 2016 Elsevier. 
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Specifically, the measured gas permeability of GDEs with homemade MPLs is much higher 
than that of Sigracet 35BC, explaining the difference in cathode performance.  Similarly, use of 
GDEs with a thinner CFS has been shown to improve fuel cell performance, probably also due to 
improved gas diffusion [12, 23].  Also a GDE with an even thinner CFS (Toray-30) was studied, 
but this electrode exhibited extensive flooding (electrolyte seeping through the GDE) during 
testing, indicating that a certain minimum CFS thickness is required for suitable performance in 
the electrochemical reduction of CO2.  In summary, using a GDE with a thin CFS (~190 µm) in 
combination with a CFS with optimized levels of wet proofing (10% PTFE) and a MPL with 
optimized levels of hydrophobicity (20% PTFE) resulted in the best cathode performance for 
electroreduction of CO2. 
 
3.5 Conclusions 
The experiments reported here provide insight regarding the composition and structure of 
GDEs that leads to the best performance in the electrochemical reduction of CO2 to CO.  
Specifically, the electrode composition must be carefully controlled to prevent electrolyte 
flooding and to improve gas permeability as well as conductivity.  An optimum level of 
hydrophobicity of the MPL (20 wt% PTFE), an optimum level of wet proofing of the CFS (10 wt% 
PTFE), and an optimum thickness of the CFS (Toray-60, 190 µm) was determined.  These 
GDEs lead to partial current densities for CO production as high as 280 mA cm-2 at a cathode 
potential of –2.2 V, and exhibit no decay in performance during continuous operation for 4 hours.  
Note that these GDEs also outperform commercially available GDEs such as Sigracet 35BC. 
Understanding and being able to quantify the effects of different composition and structure of 
MPLs and CFSs benefits the design of electrodes for electrochemical CO2 reduction, or other 
electrocatalytic process involving gaseous reactant feeds.  Looking forward, further 
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improvement of GDE performance may be achieved by investigating factors such as different 
carbon materials for the MPL and the effects of post fabrication treatments like hot pressing [38].  
Similarly, improvement of the composition and structure of the anode holds promise for further 
improvement of electrochemical CO2 reduction in electrolyzers.  In addition, extensive 
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Chapter 4 
Effect of Carbon Nanotube in Micro Porous Layers on Cathode 
Performance and Durability for Electroreduction of CO2 
 
4.1 Chapter Overview 
Micro porous layer (MPLs) made of carbon powder often suffer from the flooding of 
electrolyte for electroreduction of CO2 due to different factors including cracks in the surface of 
MPLs or un-optimized composition of MPLs.  In this chapter, a crack-free MPL was fabricated 
with incorporation of multi-walled carbon nanotube (MWCNT).  To fabricate MPLs made of 
MWNCT, two fabrication methods are being used.  Out of two methods, a simple one-step 
method was more effective than the use of anodisc based on the performance of these two 
cathodes for electroreduction of CO2.  However, there was still lack of hydrophobicity and lack 
of binder in MPLs made of only MWCNTs, so to improve water management and durability of 
MWCNT MPLs, the wettability of MPLs was altered by adding PTFE into MWCNT MPLs.  
Addition of PTFE into MWCNT MPL helps to enhance durability of electrode while keeping the 
high cathode performance.  However, the results of durability test indicate that a crack-free 
MPL did not exhibit the better performance that carbon powder MPLs having mud cracks.  
Furthermore, the cathode performance of commercially available GDEs having two different 
MPLs, made of carbon power (Sigracet 29 BC) and MWCNT (Sigracet 29 BN), were compared 
with two different feeds, 100% CO2 and the mixture of 25% CO2 and 75% N2.  When using 
25% CO2 and 75% N2 as a feed, Sigracet 29 BC exhibits the better performance than Sigracet 29 
BN because Sigracet 29 BC shows the better water management during operation.  These 
results suggest that other issues such as delamination of MPL from the GDL and/or MPL’s ability 
to control over flowing electrolyte are found to be a more significant factor than existence of 
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cracks in MPL for degradation of electrodes.  Moreover, different conductivity between two 




Electrochemical reduction of CO2 helps reduce CO2 emissions while they can utilize or store 
otherwise wasted energy from intermittent renewable sources [1-3].  To make this process 
economically feasible, identification and optimization of suitable catalysts, electrodes, and 
associated operation conditions are necessary to allow for energy efficient, and ideally selective, 
electrolysis of CO2 into value-added chemicals such as CO, methane, methanol, ethanol, and/or 
ethylene.  
With significant work on improving catalysts, gas diffusion electrodes (GDEs) - consisting of 
a carbon fiber substrate (CFS), a micro porous layer (MPL), and a catalyst layer (CL) -  have 
been used to improve mass transport of the reactants and products to and from the electrodes for 
both fuel cells and electroreduction of CO2 [4-6].  There is a long load that is already been 
littered with a variety of lessons from fuel cell pioneers over the last five or so decades to 
improve performance and durability of GDEs [7-11], so many lessons learned from the 
development of electrodes for fuel cells can apply to the development of electro-reduction of 
CO2 process.  CO2 electrolyzer is also a complex system, like a fuel cell stack, consisting of 
catalysts, gas diffusion layers and other components, so degradation mechanisms are 
inter-connected and individual degradation can influence or initiate further deterioration of other 
components.  One of the important lessons from fuel cell research is how to develop electrodes 
and understand the degradation mechanism of proton exchange membrane fuel cells (PEMFCs), 
which is one of the major hurdle for improving durability of PEMFCs [7]. 
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Figure 4.1 Issue of flooding of electrolyte during electroreudction of CO2. (a) Formation of 
carbonate blocking the mass transport as well as electron transfer. (b) Flooding of electrolyte 
through GDEs which leads to decrease CO2 transport. 
In the last two decades, many researchers have studied the strategies using experimental
[12-16] as well as computational approaches [17-22] to balance water produced during operation 
of fuel cell. Water balance has been proven to be critical not only for the performance but also 
for the durability of PEMFCs as well as CO2 electrolyzer [4].  Excessive liquid water in the 
cathode or anode blocks the pores of the gas diffusion layers (GDLs), limiting reactant mass 
transport and leading to a performance drop and degradation of GDLs. As shown in the Figure
4.1, several issues (such as carbonate formation and swelling of electrodes) were observed in 
electroreduction of CO2 when GDEs have a poor control over flowing electrolyte.  The flooding 
of electrolyte possibly causes a formation of carbonate inside the GDEs and thus decrease the 
electronic conductivity as well as CO2 transport.  Another issue of electrolyte flooding is the 
loss of three-phase boundaries in the catalyst layer because CO2 cannot reach to the catalyst 
layer.  To this date, much less research work has been done for electrodes than the catalysts for 
electroreduction of CO2.  Previously, we determined that an optimal composition of MPL and 
CFS for electroreduction of CO2 [4]. GDEs with this optimal composition outperform 
commercially available GDEs and exhibit no decay in performance during continuous operation 
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for 4h. But further and longer experiments would be needed to determine their durability over 
more extended periods of time.  
To improve the activity and durability of CO2 electrolyzer, design of “high 
performance-durable electrodes” is important to maintain the water balance between gas and 
liquid phase and allow a continuous supply of reactants.  As a favorable candidate for 
electrodes, multi-walled carbon nanotubes (MWCNTs) are widely regarded as a material with 
excellent conductivities, high surface area, good electrocatalytic properties and superior 
corrosion resistance [23, 24].  In this chapter, how the electroreduction of CO2 reaction can be 
affected by incorporating MWCNTs into the MPL is reported compared to commercially 
available MPLs made of carbon powders (Figure 4.2).  In specific, two different methods to 
fabricate MWCNT MPLs are suggested.  Also, current density as well as durability of GDEs 
having newly fabricated MWCNT-coated MPLs are compared with commercially available 
GDEs (Sigracet 35 BC).  Furthermore, the performance of commercially available GDEs 
having two different MPLs, made of carbon power (Sigracet 29 BC) and MWCNT (Sigracet 29 
BN), are compared with two different feeds, 100% CO2 and the mixture of 25% CO2 and 75% 
N2.   
Figure 4.2 Schematic of (a) MPLs made of carbon powder and (b) MPLs made of MWCNT 
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4.3 Experimental  
4.3.1 Fabrication of microporous layer composed of carbon nanotube 
Figure 4.3(a) shows the first method, a two-step fabrication by using the anodisc alumina 
oxide membrane, to fabricate a GDL having MWCNT-coated MPL (MWCNT MPL#1).  3mg 
MWCNT dispersed in H2O was sonicated under a bath-type sonicator for 1 hour and then 
deposited on alumina anodisc inorganic filter membrane (0.02 µm pore size, Whatman) through 
vacuum filtration.  Next, alumina anodisc was dissolved by immersing the MWCNT-coated 
membrane into 1M NaOH (aq).  Then, only MWCNT layer was transferred onto a GDL 
(Sigracet gas diffusion media, GDL 35 BA) and dried over 24 hrs.   
 
Figure 4.3 Schematic illustration of fabrication method for MWCNT MPLs: (a) use of anodisc 
and (b) direct filtration method  
Figure 4.3(b) shows that the second method, one-step fabrication by using direct filtration 
under vacuum, to fabricate a GDL having MWCNT-coated MPL (MWCNT MPL#2).  3 mg 
MWCNT was dispersed in N-Methyl-2-pyrrolidone (NMP) using a bath-type sonicator for 1 
73 
hour and then deposited on a GDL (Sigracet gas diffusion media, GDL 35 BA) through vacuum 
filtration.  The GDL was used as a filter to obtain MWCNT composite.  The obtained MPL on 
GDL was washed with methanol to get rid of a residue of NMP between MWCNT layers, 
followed by drying at 293 K for 24 hours.   
 
4.3.2 Electrochemical flow reactor assembly and its use for electrode testing 
A schematic of the electrochemical flow reactor used in this study as reported previously in 
Chapters 2 and 3.  The flow reactor in which two catalyst-coated electrodes (an anode and a 
cathode) are separated by a flowing liquid electrolyte was used.  On the cathode side, a gas 
chamber supplied CO2 while the anode was open to the atmosphere for O2 to escape.  With the 
use of 1 M potassium hydroxide (KOH, Fisher Scientific, certified ACS pellets) in water, the 
CO2 electroreduction reaction takes place on the cathode whereas the oxygen evolution reaction 
takes place on the anode.! ! A syringe pump (PHD 2000, Harvard Apparatus) supplied the 
electrolyte, 1 M KOH in water, between the anode and cathode GDEs at a flow rate of 0.5 ml 
min-1.  The electrochemical flow reactor was operated using a potentiostat (Autolab 
PGSTAT-30, EcoChemie) under ambient pressure and temperature.  For each applied potential, 
the cell was allowed to reach steady state for 200s, at which point the current had stabilized.  
The current at a given applied potential was obtained by averaging the current over 180s.  The 
individual electrode potentials were recorded using multimeters (AMPROBE 15XP-B) 
connected to each electrode and a reference electrode (Ag/AgCl, RE-5B, BASi) placed in the 
electrolyte exit stream.  The gaseous product stream was characterized using a gas 
chromatograph (Trace GC, ThermoFisher Scientific) equipped with a Carboxen 1000 column 
(Supelco) and a thermal conductivity detector.  The only cathode products detected by GC were 
CO and H2 when using Ag as the catalyst.  A mass flow controller (MASS_FLO, MKS 
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instrument) was used to set the CO2 (S.J. Smith Welding Supply) and N2 (S.J. Smith Welding 
Supply) at 7 sccm of total flow rate.  
 
4.3.3 Physical characterization of electrodes 
The structure of the GDEs was characterized using SEM and Micro-CT.  Cross-sectional 
images of samples were obtained using SEM (Philips XL30 ESEM-FEG) using an acceleration 
voltage of 10.0 kV and a spot size of 3.0 nm, resulting in a magnification of 1,300.  Images of 
the structural features of the top surface of the GDEs over an area of several square millimeters 
was obtained using Micro-CT (Micro-XCT 400, Xradia) using an X-ray source at 40kV and a 
current of 200 µA.    
 
4.4 Results and Discussion 
4.4.1 Fabrication of crack-free micro porous Layer by using carbon nanotube 
Surface of the MPLs made of two different carbon materials, carbon powder and MWCNT, 
are shown in Figure 4.4.  Conventional MPLs made of carbon powder had mud-cracks on the 
surface and even after deposition of Ag particles (Figure 4.4 b and c).  Unlike the MPLs made 
of carbon powder, MWCNT MPLs did not contain any cracks on its surface due to better 
interaction of CNTs, which is the intrinsic nature of materials (Figure 4.4 d and e).  Note that 
both fabrication techniques mentioned in section 4.3 helps to fabricate crack-free MPLs.  Also, 
TGA analysis is performed to confirm no residue of NMP inside MPLs after rinsing with 
methanol.  TGA analysis confirmed that there is only MWCNTs in MPLs, as shown in Figure 
4.4 f.   
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Figure 4.4 SEM images of (a) CFS, (b and c) MPLs made of carbon powder before and after Ag 
deposition. (d and e) Images of MPLs made of MWCNT before and after Ag deposition. (f) TGA 
curve of the MWCNT MPLs before/after rinse using methanol to remove residue of NMP 
4.4.2 Current density  
GDEs with three MPLs made of carbon powder and MWCNTs fabricated with two different 
techniques were tested to determine the effect of carbon material in MPLs.  MWCNT MPL#1 
was fabricated by an anodisc technique, and MWCNT MPL#2 was fabricated by one-step 
fabrication by using direct filtration under vacuum.  Figure 4.5 shows the partial current 
density for CO as a function of cathode potential for GDEs with three different MPLs (carbon 
power, MWCNT#1 and MWCNT#2 MPLs).  For three GDEs, an identical catalyst loading of 
0.8 mg cm-2 and 1M KOH as the electrolyte were used.  The GDEs with carbon powder and 
MWCNT#2 MPL exhibit very similar performance, and at the same time perform better than the 
GDE with the MWCNT#1 MPL.  This poor performance observed for GDEs having 
MWCNT#1 can be explained by poor electrolyte management, leading to flooding of electrolyte 
through GDE and delamination of MPL from GDL.  This result indicates that the 2nd method
(i.e. one-step fabrication by using direct filtration under vacuum) is more facile and useful for 
fabricating MWCNT MPLs because MWCNT composites easily get stuck with a carbon paper to 
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form a uniform film due to their fibrous structure.  Also, the effect of different carbon materials 
was not significant for a short period, so longer or other experiments must be needed to 
determine the effect of different carbon material of MPLs in CO2 reduction.
 
Figure 4.5 Partial current density of CO with MPLs made of carbon powder, MPLs made of 
MWCNT#1 and MWCNT#2 
4.4.3 Durability  
Durability is the least studied factor in the field of electro-reduction of CO2 [3].  Although 
several researchers recently reported the stability of catalyst for CO2 reduction over 30 - 50 hours 
[25-29], durability of electrode is not exclusively studied even if the gradual degradation of 
electrode is very critical to develop electroreduction of CO2 economically feasible.  In this 
section, durability of GDEs was studied by observing change of current density and Faradaic 
efficiency for CO when applying a constant potential of 2 V over 1.5 hours.   
The results of durability test of two GDEs having the carbon powder MPL and MWCNT#2 
MPL can be shown in Figure 4.6.  Current density decreased over time when using both two 
different MPLs, but the less fluctuation of current is observed when using the GDE having 
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carbon powder MPL.  The liquid electrolyte has easier access to the inside of MWCNT#2 
MPLs than carbon powder MPLs due to lack of hydrophobicity inside MWCNT#2 MPLs.  This 
phenomenon is also known for flooding of electrolyte, resulting in low CO production because 
transport of reactant (CO2) to catalyst layer is limited.  Also, insufficient binders between MPL 
and CFS led to the delamination of MPLs from the CFS when testing GDE consisting of 
MWCNT#2 MPLs.   
Figure 4.6 Time dependence of the Faradaic efficiencies for CO and current density with GDE 
having MPLs made of carbon powder (blue) and GDE having MWCNT#2 (orange).  
Furthermore, to determine decay of electrode extensively, multiple-use electrodes were 
tested initially and on the 2nd use.  Mostly, a freshly prepared cathode was used for every 
experiment, but electrodes are used for multiple times to study further the degradation of 
electrodes.  The GDE having MWCNT#2 MPLs shows that Faradaic efficiency for CO 
decreases from 73% to 49% (by 24%) for 1st and 2nd use, respectively.  However, the GDE 
having carbon powder MPLs shows less change on Faradaic efficiency for CO from 89% to 78% 
(by 11%) for 1st and 2nd use, respectively.  Also, current density is more fluctuated in the 2nd use 
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of MWCNT#2 MPLs, compared to the 1st use.  Note that current density of carbon power MPLs 
starts to fluctuate during 2nd tests whereas current density of the carbon power MPLs was quite 
stable during 1st test.  These results suggest that long-term experiment and multiple use of 
electrodes accelerate flooding of electrolyte due to several reasons such as delamination of 
MWCNT#2 MPLs or lack of hydrophobicity of MWCNT#2 MPLs. However, crack-free
surface in MWCNT#2 MPL was not damaged after the degradation test, indicating a crack-free 
surface is not the major issue of flooding of electrolyte. 
 
 
Figure 4.7 Time dependence of current density for multiple use with (a) GDE with MPL made of 
carbon powder and (b) GDE having MWCNT#2. 
 
To improve durability as well as hydrophobicity of MWCNT#2 MPL, additional 
hydrophobic binder is added into MWCNT#2 MPLs.  The addition of 20 wt.% PTFE in 
MWCNT#2 MPL achieves a steady current over 1.5 hours, which is almost identical that of 
GDEs having carbon powder MPLs, as shown in Figure 4.8.  This result indicates that 
incorporating PTFE into the MWCNT#2 MPL improves the control over flowing electrolyte. 
Despite the intrinsic hydrophobic nature of MWCNTs, hydrophobic binders are still necessary in 
MPLs to maintain stable cathode performance over long-term experiment. 
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Figure 4.8 Time dependence of the Faradaic efficiencies for CO and current density with GDE 
having MPLs made of carbon powder (blue) and GDE having MWCNT#2 with addition of 
PTFE (pink).  
4.4.4 Comparison with commercially available electrodes 
The performance of home-made MPLs and commercially available MPLs are compared.  
Specifically, the cathode performance of commercially available GDEs having two different 
MPLs, made of carbon power (Sigracet 29 BC) and MWCNT (Sigracet 29 BN), were compared 
with two different feeds, 100% CO2 and the mixture of 25% CO2 and 75% N2.  As shown in 
Figure 4.9a, when using 100% pure CO2, the similar performance is observed between these two 
GDEs in terms of CO production.  On the other hand, when using 25% CO2 and 75% N2 as a 
feed, Sigracet 29 BC exhibits the better performance than Sigracet 29 BN because Sigracet 29 
BC shows the better water management during operation.  When using 100% pure CO2 as a 
feed, mass transport is not limiting, so flooding of electrolyte may not affect the CO2 reduction 
reaction significantly.  However, when using diluted CO2 stream (25% CO2), maintaining 
efficient mass transport becomes a major consideration to achieve high cathode performance.  
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Even with a lower amount of flooding may cause significant amount of CO2 being unable to 
reach to the catalyst layer, and thus lower cathode performance.  Higher accumulation of 
carbonate through Sigracet 29 BN leading to lower CO2 transport as well as electron transport is 
observed from Micro CT (Figure 4.9).  These results clearly show that Sigracet 29 BC (GDE 
having carbon powder MPLs) provides the better control over flowing electrolyte, preventing 
electrode from the flooding, than Sigracet 29 BN (GDE having MWCNT MPLs), which are 
consistent with the results observed in previous Section 4.4.2 and 4.4.3.  In sum, to achieve 
high performance for electro-reduction of CO2, finding a suitable electrode providing control 
over flowing electrolyte to prevent flooding of electrolyte through electrode as well as to 
maintain high mass transport. 
 
Figure 4.9 Partial current density of CO with commercially available GDEs, Sigracet 29 BC
(GDEs having carbon powder MPL) and Sigracet 29 BN (GDEs having MWCNT MPL) with 
two different feeds of 100% CO2 and mixture of 25% CO2/75% N2. 
4.5 Conclusions 
The experiments reported in this chapter provide the interplay between cathode performance 
(including current density and durability) and different carbon materials in micro porous layer. 
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Still, GDL with carbon powders-coated MPL performed better than GDL with MWCNTs-coated 
MPL because the GDL with carbon powders-coated MPL provides the better control over 
flowing electrolyte and prolonged stability against the electrode delamination.  Also, when 
comparing cathode performance of commercially available GDEs having two different MPLs, 
made of carbon power (Sigracet 29 BC) and MWCNT (Sigracet 29 BN), Sigracet 29 BC exhibits 
the better performance than Sigracet 29 BN using 25% CO2 and 75% N2 as a feed.   
Further improvement of GDE performance may be achieved by understanding the different 
mechanical and chemical degradation of electrode during CO2 reduction.  These extensive 
durability tests of electrodes under different operating conditions can help to obtain GDEs for 
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Non-aqueous Li-air Flow Battery for Accelerated Separation of 
Oxygen Reduction Reaction and Discharge Product Storage 
 
5.1 Chapter Overview 
Lithium-air (Li-air) battery is currently being considered as a promising solution for storing 
renewable energy as well as utilizing in applications ranging from portable electronics to electric 
vehicles.  However, despite its high theoretical energy density, issues such as irreversible 
capacity or unstable electrolyte must be overcome before commercialization.  A fundamental 
difficulty that resides in the current Li-air battery architecture to tackle this issue, thus a new 
architecture of Li-air battery is introduced in this chapter.  This chapter reports the design, 
fabrication and evaluation of non-aqueous Li-air batteries that has a flowing ionic liquid, 
enabling the continuous removal of discharge products such as Li2O2.  This flowing 
configuration helps to improve the discharge capacity compared to a non-flowing configuration.  
Also, computational simulation in COMSOL is performed to achieve the optimal design for flow 
batteries such as tubing diameter in order to prevent the flooding of electrolyte through electrode. !
 
5.2 Introduction 
Li-air batteries hold potential as one of the most important battery systems, which can 
contribute many applications ranging from portable electronics to electric vehicles (EV).  The 
large theoretical energy density of the Li-air battery is due to the fact that the cathode oxidant, 
oxygen (O2), is not stored in the electrode and can be readily obtained from the surrounding 
environment.  Despite having an ultra-high theoretical energy density, non-aqueous Li-air 
battery suffers from drawbacks such as significant capacity fade, low current density and 
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electrolyte decomposition [1].  These issues can be attributed to the following two reasons: (i) 
the deposition of discharge product on the cathode surface during discharge process and (ii) 
incomplete reduction of discharge product during charging process.  The deposition results in 
the clogging on the surface as well as inside the pores of the cathode and thus prevents a 
continuous and steady discharge [2].   
To further improve performance, several researchers have configured Li-air flow batteries 
with a flowing aqueous electrolyte on the cathode side while maintaining a non-aqueous 
electrolyte on the anode side [3-5].  Use of a flowing aqueous electrolyte on the cathode 
improves the discharge capacity by continuously supplying dissolved O2.  However, the 
challenge for this hybrid electrolyte configuration is the identification of a membrane that is 
compatible with both aqueous and non-aqueous electrolytes.  Recently, we proposed new Li-air 
battery architecture that can decouple cathode’s multiple contradictory functions, electrochemical 
reactions and discharge product storage, via simple yet drastic changes in the electrolyte 
composition, completely eliminating Li+ ions in the area around the cathode using an ionic liquid 
[6].  The new Li-air battery concept demonstrated continuous discharge similar to fuel cell by 
storing its discharge product, Li2O2, in its bulk electrolyte instead of cathode surface where Li2O2 
was found in regular Li-air battery.  This concept creates an avenue to redesign Li-air battery 
systems with flexibility to balance power and capacity independently and efficiently.  The 
discharge product stored in the bulk electrolyte can be decomposed (charged) by “chemical 
regeneration” method developed by our group [7].  We also proved in the same report that the 
performance of the battery could be improved by stirring the electrolyte because the created 
convection promoted diffusion of superoxide anion radical, which is the initial discharge product 
with slow diffusion coefficient.  
Here this chapter reports design, fabrication and evaluation of a new architecture for Li-air 
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battery that has a flowing Li-ion free ionic liquid (i.e. DEME-TFSI), which enables the 
continuous separation of discharge products from cathode (Figure 5.1).  Basis for our 
electrochemical cell design comes from the microfluidic fuel cell [8-11] and CO2 electrolyzer 
[12-14] developed by Kenis group.  Also, computational simulation in COMSOL is performed 




Figure 5.1 Schematic diagram of a Li-air flow battery using DEME-TFSI. 
5.3 Experimental  
5.3.1 Li-air flow battery design and fabrication 
Li-air flow batteries are optimized from version 1 to version 3, shown in Figure 5.2.  For 
Verision 2, the cell size was increased from 6.0 cm × 4.0 cm to 10.0 cm × 8.0 cm to allow for 
more space for the screw that hold the assembled cell together, and the cell as a whole becomes 
easier to handle.   Separate assembly of anode and cathode was enabled prior to assembling the 
whole cell by designing the anode part to be assembled first using four bolts, and the cathode 
part with six bolts that go through both cathode and anode parts to hold the whole cell together. 
Also, a new V-shaped electrolyte chamber to improve flow patterns inside the cell.  Last, 
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different electrolyte chambers with different thickness (2, 3 and 5 mm) and different diameters 
for tubing were fabricated to allow for higher flow rates.  For version 3, to make batteries more
user-friendly, additional engineering solutions were applied to batteries.  For example, O-ring is 
inserted instead of gasket.  Also, direct threaded holes in the anode to eliminate the need for 
nuts for assembling the whole cell. This cell was used for all subsequent tests reported below.
 
Figure 5.2 Schematic of development of flow cell: Version 1 cell includes two room structure for 
electrolytes and GDE for cathode. Version 2 and 3 cells were fabricated to (1) optimize electrode 
area and thickness of electrolyte chamber and (2) incorporate better user control. 
As shown in Figure 5.3, a version 3 battery was fabricated and used for subsequent 
evaluation.  Two stainless steel plates (10.0 × 8.0 × 1.0 cm) serving as current collectors hold 
the flow cell together using ten stainless steel bolts and provide electrical contact between the 
electrodes and an external potentiostat.  Insulation of the bolts with polytetrafluoroethylene 
(PTFE) at the contact areas with the current collectors prevented any potential short-circuits.  
The cathode current collector has a precision machined 2.0 cm x 4.0 cm window with 0.1 cm 
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depth behind the gas diffusion electrode (GDE) to allow for the flow of air or other gases.  The 
anode current collector also has a precision machined 2.0 cm x 4.0 cm window with < 0.2 mm 
depth to accommodate the Li metal foil.  Two 2 mm thick polyether ether ketone (PEEK) 
spacers with precision machined 2.0 cm x 4.0 cm windows provide the catholyte and anolyte 
flow areas, respectively.  A solid state electrolyte (SSE) (2.5 cm x 5.0 cm) surrounded by PEEK 
is inserted between the catholyte and anolyte chambers.  The cathode is a 2.3 cm × 4.5 cm GDL 
sandwiched between the cathode current collector and the catholyte chamber. As the electrolyte, 
N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium bis-(trifluoromethylsulfonyl)-imide 
(DEME-TFSI; Kanto Corp., USA) was flowed through the catholyte chamber, with dried air 
(1~2 %RH) flowing through the gas chamber at 7 SCCM.  The electrolyte was supplied by a 
peristaltic pump, Masterflex L/S(Cole-Parmer, USA), with 5 ml/min of the flow rate.  1 M 
LiTFSI dissolved in propylene carbonate (Kishida Chemical Corp., Japan) was used as an 
electrolyte for anode side (not flowed).
 
Figure 5.3. (a) Schematic structure and (b) actual picture of non-aqueous Li-air flow battery 
consisting of current collectors for the anode and cathode, a Li metal anode, a GDE as cathode, a 
gasket, chambers for anolyte and catholyte, a solid-state electrolyte (SSE) and a stainless steel 
spacer for SSE.      
Before performing electrochemical evaluation including battery performance test, the cell 
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was kept at the operating temperature (25 °C) for 5 hr, and saturation of O2 in the IL electrolyte 
was obtained and confirmed by a steady open circuit voltage.  The actual electrochemical 
measurements were performed using a model MCV cycle life test equipment (Bitrode Corp., 
USA).  The current-voltage (I-V) tests were conducted using current holding time of 30 mins at 
current densities from 0.0001 to 0.3 mA/cm2. Constant discharge test was conducted using fixed 
current density at 0.013 or 0.077 mA/cm2.  
 
 
5.4 Results and Discussion 
5.4.1 Proof of concept and fundamental properties of Li-air flow battery 
Figure 5.4 shows discharge profiles of the new structure Li-air battery with and without 
electrolyte flowing at 0.077 mA/cm2 of constant current density.  The clear advantage of flowed 
system with a steady profile around 2.0 V of discharge voltage indicates that the initial discharge 
product, superoxide anion radical, O2·-, was effectively extracted from cathode surface and 
transported into a bulk electrolyte. In the case of static electrolyte, the slow diffusion of O2·- 
cannot keep up with electrochemical reduction of O2 and caused large concentration 
overpotential seen in the discharge profile as the rapid drop of the voltage, and the fact proved 
the benefit of flowed electrolyte in the new system.  The inset photos in Figure 5.4a show clear 
change in the electrolyte appearance before and after discharge.  The generated final product 
(white precipitates in the electrolyte) was identified as Li2CO3 by Raman spectrum (Figure 5.4b).  
Because dried air including slight amount of moisture and CO2 was introduced in the battery, the 
discharge product starting from O2·- will be transformed to Li2CO2 through following reactions 
(eq. 1-4).  For practical usage of this device, the supplied gas should be completely dried and 
de-carbonated to give Li2O2 as the discharge product the same like as a regular Li-air battery.  
 
91
O2·- + Li+ ! LiO2·     (1) 
2LiO2· ! Li2O2 + O2    (2) 
Li2O2 + H2O ! 2LiOH + ½ O2  (3) 
2LiOH + CO2 ! Li2CO3 + H2O  (4)   
 
 
Figure 5.4 Discharge capacity of non-aqueous Li-air battery with and without flowing catholyte. 
(Plus Raman spectroscopy for LI2CO3) 
5.4.2 Using experiment and modelling to eliminate electrolyte flooding 
One of the engineering challenges for these Li-air flow batteries is minimizing electrolyte 
flooding through the cathode.  It is important to avoid electrolyte flooding of the cathode to 
achieve separation of discharge products.  To further understand and solve the problem of 
electrolyte flooding at high flow rates of electrolyte, experimental and computational (COMSOL) 
investigations were performed in parallel.  
The maximum flow rate of electrolyte were measured for different thickness of the 
electrolyte chamber (2, 3 and 5 mm) as well as for different diameters (0.5, 0.8 and 2.3 mm ID) 
of the tubing leading into and out of the electrolyte chamber.  In experiments, the cathode 
exhibited flooding at all flow rates when using 0.5 mm tubing, and when the flow rate was 
greater than 0.75 ml min-1 when using 0.8 mm tubing.  However, no flooding was observed at 
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flow rates of less than 0.75 ml min-1 for the 0.8 mm tubing, and at all flow rates when using 2.3 
mm tubing.  These experimental results suggest that flooding occurs when exceeding a certain 
pressure threshold, which depends on the flow rate in combination with the tube and chamber 
dimensions. 
 
Figure 5.5 Experimental (data points) and computational (lines) results of electrolyte flooding 
tests. The green-colored area is the non-flooding region. 
To get a better understanding about the relationship between flow rates, chamber/tubing 
dimensions, and electrolyte flooding, this battery is simulated under identical operation 
conditions in COMSOL. From this simulation the pressure drop can be determined between the 
tubing inlet and the tubing outlet, and from that the pressure within the chamber for each 
combination of dimensions and flow rate (Pchamber in Figure 5.5) can be determined.  As shown 
in Figure 5.5, COMSOL modeling results (lines) correlate well with the experimental results 
(data points).  Also note that modelled several chamber and tubing geometries that are not 
tested experimentally (lines without data points).  Specifically, electrolyte flooding occurs when 
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the pressure in the chamber exceeds 10 psi.  
In sum, in order to be able to operate at a high flow-rate (~ 10 ml min-1), the pressure in the 
chamber should not exceed 10 psi, as visualized by the combinations of dimensions and flow 
rates that fall within the green area in Figure 5.5.  
 
5.5 Conclusions 
This work included a new concept of Li-air battery with a flowing non-aqueous electrolyte 
(DEME-TFSI in this work) and development of an actual reactor based on a flow cell design 
similar to fuel cell or CO2 electrolyzer.  Also, to eliminate the flooding of electrolyte through 
electrode, experimental and computational (COMSOL) investigations were performed in parallel.  
These optimized Li-air flow batteries improves the discharge capacity by a factor of 25 due to 
high flow-rate capability and non-flooding structure, compared to Li-air static battery.  Still, 
further improvement of battery performance is needed by electrode development and 
computational modeling.  Specifically, improvement may be achieved by investigating the 
effect of surface modification of GDEs in parallel with computational approaches to obtain 
further insights on the effect of different parameters of GDEs (e.g., thickness, porosity or the 
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Non-aqueous Li-air Flow Battery: Improving Current Density 
through Cathode Optimization - Experiments and Modeling 
 
6.1 Chapter Overview 
Non-aqueous lithium-air batteries are attractive energy storage systems due to their 
exceptionally high theoretical energy density.  However, unwanted Li2O2 formation and 
deposition causes a loss in performance over time.  To counteract this impediment, we recently 
developed a Li-air battery with a flowing Li-ion free ionic liquid as the electrolyte, enabling the 
continuous removal of Li2O2 deposition.  Even though this battery exhibited a higher discharge 
capacity, the discharge current density was still low.  Here we use experimental and 
computational tools to analyze cathode properties leading to a set of parameters that improve the 
discharge current density of the non-aqueous Li-air flow battery.  We systematically modified 
the structure and configuration of the cathode gas diffusion layers (GDLs) by using different 
levels of hot-pressing and the presence or absence of a microporous layer (MPL). These 
experiments revealed that a shorter diffusion path for oxygen as well as use of thinner but denser 
MPLs are key for performance optimization; indeed, this led to an improvement in discharge 
current density.  Also, computational results indicate that the extent of electrolyte immersion 
and porosity of the cathode can be optimized to achieve higher current density, depending on 




Lithium ion (Li-ion) batteries have been widely employed in recent and emerging 
automotive technologies such as electric vehicles (EVs) and hybrid electric vehicles (HEVs) [1].  
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Although car manufacturers such as BMW, Nissan, Tesla, and Toyota have introduced advanced 
EVs and HEVs, further increases in battery energy density will be critical, most notably to 
extend the range of next-generation EVs and HEVs.  To this end, the focus has been on 
metal-air batteries because their high theoretical specific energy densities are on par with 
gasoline [2, 3].  The high specific energy densities result from the combination of using high 
energy alkaline metals as the anode and using oxygen from ambient air as the reactant on the 
cathode.  Several metal–air batteries such as iron–air, aluminum–air, and zinc–air have been 
investigated.  Among these, the use of lithium as the anode in lithium-air (Li-air) battery system 
has achieved prominence since its conception in 1996 [4]. 
Li-air batteries hold tremendous potential for storage of renewable energy as well as for use 
in mobile devices and EVs [5-9], with researchers predicting being able to achieve a 5–10-fold 
increase over the theoretical energy density over the presently used Li-ion batteries.  The large 
theoretical energy density of the Li-air battery is due to the fact that the cathode oxidant, oxygen 
(O2), is not stored in the electrode and can be readily obtained from the surrounding environment.  
Furthermore, non-aqueous Li-air batteries are attractive energy storage systems due to the 
aforementioned higher theoretical energy density as well as due to their better stability compared 
to, for example, aqueous or hybrid Li-air batteries [10-12].  However, despite its high energy 
density, issues such as capacity fading and low current density still need to be overcome [5, 6, 
13-15].  A major cause of these issues is the deposition of discharge products on the surface as 
well as inside the pores of the cathode, which in turn prevent steady discharge [15-17].  
Multiple approaches to tackle these challenges that are specific to non-aqueous Li-air batteries 
have been investigated.  For example, various non-aqueous electrolytes that improve cycling 
performance and round-trip efficiency [18-21], and different carbon materials and/or substrates 
that optimize electrodes [22-24] have been reported.   
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To further improve performance, several researchers have configured Li-air flow batteries 
with a flowing aqueous electrolyte on the cathode side while maintaining a non-aqueous 
electrolyte on the anode side [25-27].  Use of a flowing aqueous electrolyte on the cathode
improves the discharge capacity by continuously supplying dissolved O2.  However, the 
challenge for this hybrid electrolyte configuration is the identification of a membrane that is 
compatible with both aqueous and non-aqueous electrolytes.  Recently we developed a different
configuration that has an ionic liquid as the flowing electrolyte on the cathode (Figure 6.1), 
enabling the continuous removal of discharge products such as Li2O2, which improves the 
discharge capacity compared to a similar non-flowing configuration. However, the discharge 
current density achieved with this non-aqueous Li-air flow battery was still low, not exceeding 
0.1 mA/cm2 due to poor control over the flowing electrolyte and slow diffusion of O2 through the 
cathode. Cathode optimization is necessary to improve the discharge performance of 
non-aqueous Li-air flow batteries.  Note that the focus of this prior work, and the results 
presented in this paper, will be on the discharging behavior.  For a study of the charging process 
of non-aqueous Li-air flow battery the reader is referred to the literature [28].
 
Figure 6.1. Schematic diagram of a Li-air flow battery (electrolyte: DEME-TFSI) 
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The cathode, also called air electrode, is key to achieving high performance non-aqueous 
Li-air battery [29-31].  A gas diffusion layer (GDL) is an integral part of such a cathode, as it 
provides control over diffusion-based mass transport while keeping the liquid electrolyte stream 
and gaseous feed separated.  The GDL consists of a carbon fiber substrate (CFS) for support and a 
micro-porous layer (MPL) that provides the high surface tension necessary to maintain separation 
between the liquid and gas phases at the liquid-gas-solid interface.  GDLs have been studied and 
optimized previously for a range of electrochemical applications including fuel cells [32-35], 
CO2 electrolyzers [36, 37], and Li-air batteries [22, 23, 38, 39], but have not been optimized 
explicitly for non-aqueous Li-air flow battery.   
Here, we report our experimental and computational investigations on optimizing the 
discharge behavior of cathodes for a non-aqueous Li-air flow battery.  We evaluated GDL 
parameters that increase discharge current density by varying their structure and composition. In 
specific, to determine the importance of control over the electrolyte, we explored the effect of the 
presence or absence of an MPL on battery performance.   We also fabricated and evaluated 
hot-pressed GDLs to improve the discharge current density of Li-air flow batteries.  To further 
provide insight for optimizing the discharge behavior of cathodes, we used computational 
modeling using COMSOL to analyze how different parameters, specifically the properties of the 
cathode, benefit its performance.  Several reports discuss such simulations for Li-air batteries 
[40-45], but we are not aware of such reports for cathodes of Li-air flow batteries. 
 
6.3 Experimental  
6.3.1 Preparation of carbon cathode  
Table 6.1 shows the details of the GDLs fabricated in this study.  For comparison, Sigracet 
35 BC (Ion Power) and Toray-H-120 (Fuel Cell Earth) were used for determining the effect of 
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MPL in Li-air flow batteries.  Sigracet 35 BC is a GDL comprised of 5 wt% 
polytetrafluoroethylene (PTFE)-treated carbon paper and a teflonized MPL, whereas 
Toray-H-120 is a GDL comprised of 10 wt% PTFE-treated carbon fiber without MPL.  
GDL#Hs are hot-pressed (Carver 3851-0) Sigracet 35 BC by varying the compression pressure 
(0, 227, 680, 1,360, 2,268, and 4,536 kgf) at a temperature of 125 ± 5°C for 5 min.  
 
Table 6.1. Physical properties, composition and fabrication method of GDLs 
Name Sample description Substrate Method Etc. 
GDL#H-1 




GDL#H-2 680 kgf 
GDL#H-3 1,360 kgf 
GDL#H-4 2,268 kgf 
GDL#H-5 4,536 kgf 
GDL#1 GDL without MPL Toray-H-120 -  
GDL#2 GDL with MPL Sigracet 35 BC -  
 
6.3.2 Li-air flow cell assembly and its use for electrode testing 
The electrochemical flow battery used in this study was reported previously in Chapter 5.  
Briefly, two stainless steel plates (10.0 × 8.0 × 1.0 cm) serving as current collectors hold the flow 
cell together using ten stainless steel bolts and provide electrical contact between the electrodes 
and an external potentiostat.  PTFE insulation around the bolts prevented any potential 
short-circuits at the contact areas with current collectors.  The cathode current collector has a 
2.0 cm x 4.0 cm window with 0.1 cm depth behind the GDL to allow for the flow of air or other 
gases.  The anode current collector also has a 2.0 cm x 4.0 cm window with < 0.2 mm depth to 
accommodate the Li metal foil.  Two 2 mm thick polyether ether ketone (PEEK) spacers with 
2.0 cm x 4.0 cm windows provide the catholyte and anolyte flow areas, respectively.  A solid 
state electrolyte (SSE) (2.5 cm x 5.0 cm) surrounded by PEEK is inserted between the catholyte 
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and anolyte chambers.  The cathode is a 2.3 cm × 4.5 cm GDL sandwiched between the cathode 
current collector and the catholyte chamber.  As the electrolyte, N,N-diethyl-N-(2-methoxyethyl) 
-N-methylammoniumbis-(trifluoromethylsulfonyl)-imide (DEME-TFSI; Kanto Corp., USA) was 
flowed through the catholyte chamber, with dried air (1~2 %RH) flowing through the gas 
chamber at 7 SCCM.  The electrolyte was supplied by a peristaltic pump, Masterflex 
L/S(Cole-Parmer, USA), with 5 ml/min of the flow rate.  1 M LiTFSI dissolved in propylene 
carbonate (Kishida Chemical Corp., Japan) was used as an electrolyte for anode side (not 
flowed). 
Before performing electrochemical evaluation including battery performance test, the cell 
was kept at the operating temperature (25 °C) for 5 hr, and saturation of O2 in the IL electrolyte 
was obtained and confirmed by a steady open circuit voltage.  The actual electrochemical 
measurements were performed using a model MCV cycle life test equipment (Bitrode Corp., 
USA).  The current-voltage (I-V) tests were conducted using current holding time of 30 mins at 
current densities from 0.0001 to 0.3 mA/cm2. Constant discharge test was conducted using fixed 
current density at 0.013 or 0.077 mA/cm2.  
 
6.3.3 Structural Characterization of GDLs 
The thickness of the GDLs was characterized using SEM.  Cross-sectional images of 
samples were obtained using SEM (Philips XL30 ESEM-FEG) using an acceleration voltage of 
10.0 kV and a spot size of 3.0 nm, resulting in a magnification of 1,300.  To measure the 
porosity of the GDLs, images of the structural features of the GDLs over an area of several 
square millimeters were obtained using Micro-CT (Micro-XCT 400, Xradia) with an X-ray 
source at 40kV and a current of 200 µA, as in our prior work [36].  The images were then 
processed to reconstruct 2D radiographic cross-sectional image stacks and 3D tomographic 
101 
virtual models of the GDL.  The initial reconstruction of MicroCT data was carried out using 
the TXM Re-constructor software (Xradia).  Further image processing was performed using the 
Amira visualization software package (Version 5.3, Visage Imaging) for subsequent quantitative 
analysis of the GDL microstructure.  
 
6.4 Results and Discussion 
6.4.1 Effect of the presence/absence of a MPL on Li-air flow battery 
performance  
Optimizing electrodes is key for improving the discharge current density of non-aqueous 
Li-air battery [30].  To optimize the discharge current density of Li-air flow battery, we 
modified structure and surface of GDLs of the cathodes.  First, the discharge profiles of the 
flow batteries assembled with two commercially available GDLs, Toray-H-120 and Sigracet 35 
BC, were compared to investigate the effect of MPL on discharge current density and electrolyte 
flooding.  Toray-H-120 has a CFS, but no MPL, while Sigracet 35 BC has a CFS as well as a 
MPL loaded with 5 wt% PTFE.  The Li-air flow battery with Toray-H-120 achieved a 
continuous discharge current density of 0.013 mA cm-2 at 2.1 V, whereas the same configuration 
with Sigracet 35 BC produced a six times higher current density of 0.077 mA cm-2 (Figure 6.2).  
These results highlight the importance of the MPL in preventing flooding of the electrode (liquid 
electrolyte seeping through the cathode).  Also note that the observed higher current densities 
allowed for more rapid evaluation of battery performance.  Cathode clogging and/or electrolyte 
flooding terminated the discharge after 130 mAh, irrespective of current density.   
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Figure 6.2. Voltage profile with GDLs with MPLs (Sigracet 35 BC) and GDLs without MPLs 
(Toray-H-120) in Li-air flow battery. 
6.4.2 Effect of Hot-pressed GDLs on Li-air flow battery performance 
The two GDLs tested above (Figure 6.2) were prone to flooding which hampers battery 
performance by limiting O2 diffusion.  To decrease the thickness of the GDL and to make the 
MPL denser, and hopefully less prone to flooding, we compressed multiple Sigracet 35 BC GDLs 
by hot-pressing at elevated temperature, typically 125 °C.  As shown in Figure 6.3, in battery 
testing those with the GDLs fabricated under a compression pressure of 2,268 kgf (GDL#H-4) 
performed best (highest current density).  Hot-pressing will result in thinner but denser CFS and 
MPL layers.  A thinner CFS will shorten the diffusion distance for O2, while a thinner, denser 
MPL will increase the resistance of the GDL towards flooding (increased surface tension) which in 
turn helps to define better the position of the 3-phase boundary layer, all potentially enhancing the 
discharge current density of the Li-air flow battery studied here.
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Figure 6.3. (a) Voltage profile as a function of discharge current density with GDLs made of 
different compression pressure in Li-air flow battery. (b) Discharge voltage as a function of 
compression pressure at discharge current density of 0.31 mA cm-2. 
Prior work on GDLs for fuel cells has shown that not only the thickness but also the porosity 
and/or permeability of the GDLs changes upon applying different compression pressures during 
assembly of cells [46-48].  While the diffusion path for reactants becomes shorter for electrodes 
prepared with higher compression pressures, the overall pore volume and gas permeability of the 
GDL also decreases, which may limit mass transport.  For example, Chang et al. showed 
previously that compressing a GDL to half of its initial thickness decreased gas permeability to 
one-tenth of its initial value [46]. Also, compression of GDLs during the assembly is known to 
increase conductivity of GDLs and decrease the contact resistance between the GDL and other 
components, leading to better performance for fuel cells [46, 47, 49, 50].  However, for our Li-air 
flow battery, we used the same gasket when testing the GDLs fabricated under different 
compression pressures and we applied the same clamping pressure to assemble the battery. Hence 
we expect the contact resistance to be the same for each cell.  In contrast, for the previously 
reported fuel cell tests different compression pressures were applied by compressing the cell at 
different pressures during cell assembly. This procedure not only leads to different levels of 
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porosity in the GDLs, it also changes the contact resistance.  Furthermore, excessive compression 
of GDLs for fuel cells also can lead to a drop in performance due to limited mass transport [46] 
and/or due to structural damage of the GDL [48, 51].  We expect that these last two factors also 
will be important for the performance of GDLs in the Li-air flow batteries studied here. 
Similar effects are at play for the GDLs studied here in Li-air flow batteries.  To assess which 
factors affect battery performance, we characterized the porosity and thickness of GDLs.  SEM 
data shows that the thickness of the MPLs decreased from 80.3 to 30.1 µm upon increasing the 
compression pressures from 0 to 4,536 kgf, while the thickness of the CFSs decreased from 200.8 
to 134.5 µm (Figure 6.7a).  Micro-CT experiments followed by data analysis shows that the GDL 
porosity decreases with increasing compression pressure, with the lowest porosity observed for 
GDLs prepared at 2,268 kgf (Figure 6.7b) coincides with highest discharge current density. 
Indeed, different factors resulting from the application of different compression levels play an 
important role with respect to for Li-air flow battery performance.  Optimum performance is 
expected for a certain compression pressure, here 2,268 kgf, due to a tradeoff between (1) better 
control over electrolyte (preventing flooding) and/or a better defined position of the 3-phase 
boundary layer upon reducing porosity of the MPL, and (2) mass transport of oxygen to the 
catalytic interface.  Furthermore, Micro-CT analysis of GDLs prepared by hot-pressing at 4,536 
kgf revealed that carbon fibers from the CFS start to intrude into the MPL causing structural 
damage that may accelerate electrolyte flooding (Figure 6.7b), which in turn may cause 
precipitation of Li2O2 inside the pores of the cathode.  Indeed, in our experiments, this 
precipitation eventually terminated the discharge process of Li-air flow battery indicating the 




6.4.3 Developing a model for the Li-air flow battery 
Model configuration: To further understand and estimate the behavior of the Li-air flow 
battery, we created a Li-air battery model in COMSOL.  Figure 6.4a and 6.4b show schematic 
diagrams of the Li anode, the electrolyte and the GDL-based cathode used in the experimental 
battery configuration, as well as the schematic of the configuration used to model this Li-air flow 
battery, respectively.  In brief, the Li-air flow battery model used here is based on a Li-air static 
battery model provided by COMSOL, originating from prior work [41].  Starting from this 
Li-air static battery configuration [41], the only difference is that a solid-state electrolyte (SSE) 
is used for the Li-air flow battery model, instead of a polymer separator.  The cell configuration 
for the Li-air flow battery model is comprised of a metal lithium anode, a solid state electrolyte 
(SSE), and a porous cathode (Figure 6.4b).  
Specifically, we used this model to determine optimal parameters for GDLs (porosity, and 
depth of immersion of the cathode by electrolyte), in order to estimate the maximum possible 
current density that can be achieved for a given configuration.  Electrochemical reduction of O2 
occurs on the surface of the GDL within the GDL, but generally close to the three-phase 
boundary, the intersection of the electrolyte, the gas phase, and the GDL surface.  Depending on 
the extend of electrolyte penetration into the GDL, the O2 has to diffuse through a smaller or 
larger fraction of the porous GDL to reach the three phase interface where it can react with Li+ 
from the electrolyte.  Operated under two conditions: the absence and presence of Li2O2 
precipitation due to a flowing or static electrolyte, respectively. Rather than have a flowing 
electrolyte layer as part of the model configuration, we made certain assumptions with respect to 




Figure 6.4. A schematic diagram of the Li anode, the electrolyte, and the GDL-based cathode (a) 
for the actual experimental battery configuration and (b) for the configuration used to model this 
Li-air flow battery. 
Assumptions: We implemented the following assumptions to obtain information from the 
model on how GDL porosity and the and depth of cathode immersion in electrolyte affect
performance:  
(1)!The Li2O2 is the main reaction product and is only formed inside the porous cathode.  
(2)!To model the flowing electrolyte condition, the solubility of Li2O2 in the electrolyte is 
assumed to approach infinity (1,000,000 mol m-3), whereas a solubility of 0.09 mol m-3 is 
used for the non-flowing conditions.   
(3)!The concentration of Li+ is identical to the concentration of DEME+.  
(4)!The Li-air cell is operated under isothermal condition. 
With these assumptions, specifically by assuming a very high solubility for Li2O2, we ensure 
that the behavior of the Li-air flow battery is not limited by Li2O2 precipitation and subsequent 
clogging of pores within the cathode.  In other words, the model seeks to identify maximum 
achievable performance levels in the absence of Li2O2 precipitation issues. 
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6.4.4 Comparison of the Li-air flow battery model with experimental results 
We simulated the Li-air flow battery and compared the modeling results to the experimental 
results with respect to two parameters: discharge capacity and discharge current density.  Model 
of Li-air battery is investigated under condition of flowing electrolyte and non-flowing 
electrolyte.  The discharge in the non-flowing case was terminated by a continuous growth of 
solid Li2O2 inside the porous cathode (Figure 6.5a), which predominantly led to the lowering of 
the porosity (Figure 6.5b).  In other words, the pore blocking effect of Li2O2 deposition is 
apparent in our results for the non-flowing case, in agreement with our prior experimental work 
(Chapter 5).  However, the same configuration with the electrolyte flowing exhibits a 
substantial increase in specific capacity compared with the non-flowing case (Figure 6.5a).  
The flowing electrolyte drastically reduced the extent of clogging of the pores in the cathode by 
continuously removing the discharge product, and thus allows the battery to continue operation 
for a longer time.  We further examined the discharge behavior of the same configuration 
operated with a flowing or non-flowing electrolyte at different discharge current densities.  An 
increase in the discharge current density was observed that can be correlated to a decrease in the 
discharge voltage in both the flowing and non-flowing case.   
Next we compared the above results from the model with our experimental data.  Note that 
the discharge voltages as obtained from the model is much higher than the experimentally 
observed discharge voltages (Chapter 5) as shown in Figure 6.5.  This difference is due to the 
higher contact resistance caused by the thick electrolyte chamber and SSE, aspects that are not 
included in the model.  In summary, the trends of discharge voltage and discharge capacity 
apparent in the modeling results are consistent with the trends observed experimentally (Chapter 
5), suggesting that our model is suitable for determining optimal parameters of cathodes for 
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non-aqueous Li-air flow battery. 
 
 
Figure 6.5. (a) Voltage-discharge capacity curves for different applied current densities (0.02 and 
0.04 mA cm-2) obtained from simulation of the Li-air battery under static (dashed line) and flowing 
(solid line) electrolyte operation conditions. (b) Simulation results of the gradual drop of porosity 
in the cathode over time in the absence of electrolyte flow, when operating the battery at 0.02 mA 
cm-2. 
 
6.4.5 Determining the maximum current density by optimizing cathode 
structure in COMSOL 
Next, we used our aforementioned Li-air flow battery model (Section 6.4.4) to gain further 
insight on how to optimize cathode performance.  Specifically, in order to identify optimum 
cathode porosity and optimum depth of immersion of the cathode by electrolyte, we 
systematically varied the depth of electrolyte immersion between 10 and 200 µm, and we varied 
the porosity between 0.1 and 0.9.  The sequence to estimate the maximum discharge current 
density and optimal depth of electrolyte immersion is shown in Figure 6.8.  In brief, the 
discharge current density is increased until the discharge process terminates where the discharge 
voltage drops dramatically (Figure 6.8a).  Next, discharge current density is plotted as a 
function of discharge voltage except for the value of discharge current density where the 
discharge process terminates (Figure 6.8b), and only the highest current density is plotted as a 
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function of depth of immersion of the cathode by electrolyte (Figure 6.8c).  This process is 
repeated for different initial concentrations of DEME+ and O2 as well as for different depths of 
electrolyte immersion in the cathode.
 
Figure 6.6. Simulation results of maximum current density that can be achieved as a function of 
cathode porosity, ranging from 0.1 to 0.9: (a) for three different initial concentrations of DEME+ 
and (b) for three different initial concentrations of O2. Simulation results of maximum current 
density that can be achieved as a function of depth of cathode immersion, ranging from 10 to 200 
µm: (c) for four different initial concentrations of DEME+ and (d) for four different initial 
concentrations of O2. 
 
The maximum discharge current density as a function of porosity of cathode with different 
initial concentration of DEME+ and O2 is shown in Figure 6.6a and 6.6b.  The maximum 
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current density that can be achieved increases with increasing porosity of the cathode.  This 
trend indicates that higher porosity improves O2 transport and also could provide a large free 
volume for Li2O2.  However, in such a flow cell, in order to achieve optimum performance 
without the occurrence of electrode flooding, pressure balance across the GDLs between the 
liquid electrolyte stream and the gaseous O2 feed needs to be maintained.  For example, prior 
work has shown that a sufficiently low porosity of the GDL surface will help to prevent electrode 
flooding for flow cells [37].  Therefore, an increase in porosity beyond a certain point would 
lead to flooding of the cathode, suggesting that optimization of cathode porosity would enable 
achieving a suitable tradeoff between maximizing O2 transport while preventing electrolyte 
flooding. 
The depth of immersion of the cathode by electrolyte also plays an important role in 
determining the discharge current density for Li-air flow battery.  Discharge voltages for 
discharge current densities with different initial concentrations of Li+ and O2 and depth of 
immersion are shown in Figures 6.9 and 6.10.  A different trend was observed for maximum 
discharge current density as a function of depth of immersion (Figure 6.6c and 6.6d) compared 
with the results obtained as a function of porosity (Figure 6.6a and 6.6b).  Maximum discharge 
current density is observed at depths of cathode immersion of 30, 50, and 70 µm for an initial O2 
concentration of 5, 15, and 20 mol m-3, respectively.  Also, maximum current density is 
observed at 70, 50, and 30 µm for an initial concentration of DEME+ of 1,000, 2,000, and 3,300 
mol m-3, respectively.  These results can be attributed both to the diffusion of O2 dissolved in 
non-aqueous electrolyte and to DEME+ consumption in electrolyte.  This observation suggests 
that an optimum depth of cathode immersion is key to maximize current density for different 




The experiments and modeling efforts reported here provide insight regarding the structure of 
cathodes that lead to the best performance for Li-air flow batteries.  Through experiments the 
structure and surface (specifically the presence or absence of a microporous layer, MPL) of the 
cathode was optimized for producing higher discharge current density.  Hot-pressed GDLs 
exhibited improved discharge current density, which can be attributed to a denser MPL with an 
intact 3-phase boundary layer a structure that prevents electrode flooding.  In addition, through 
modelling we analyzed how different parameters for cathodes, specifically the porosity and the 
depth of electrolyte immersion of the cathode, benefit the performance of the non-aqueous Li-air 
flow battery.  Through simulations of a Li-air flow battery model in COMSOL we are able to (1) 
predict the flow battery’s discharging behavior, (2) estimate the maximum current density that 
can be achieved, and (3) determine a set of parameters for the electrode that optimizes 
performance.  Indeed, simulation results revealed the importance of optimizing the cathode for 
Li-air flow battery for different operating conditions. 
Based on the experiments and modeling efforts, the gas diffusion-based cathode was 
optimized to produce higher discharge current densities in this Li-air flow battery.  Our study 
confirmed that the flow configuration with electrode optimization could improve the current 
density of Li-air flow battery.  Despite many interesting findings and recent discoveries in this 
field, further optimization is needed before commercialization of non-aqueous Li-air flow battery 
becomes feasible.  Specifically, further improvement in battery performance could be achieved 
by investigating the effect of different carbon materials (composition and morphology) for 
cathodes.  Also, extensive durability tests of electrodes and their performance during multiple 
charging-discharging cycles will need to be performed. 
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6.6! Supporting Information  
6.6.1 Characterization of Hot-pressed GDLs 
Thickness and porosity of GDLs fabricated under different compression pressures are shown in 
Figure 6.7.
 
Figure 6.7. (a) Thickness and (b) porosity of each layer of GDL as a function of compression 
pressure. 
6.6.2 Sequence of Estimation of Optimal Depth of Electrolyte Immersion 
The sequence to estimate the maximum discharge current density and optimal depth of 
electrolyte immersion is shown in Figure 6.8.  In brief, the discharge current density is 
increased until the discharge process terminates where the discharge voltage drops dramatically 
(Figure 6.8a).  Next, discharge current density is plotted as a function of discharge voltage 
except for the value of discharge current density where the discharge process terminates (Figure
6.8b), and only the highest current density is plotted as a function of depth of immersion of the 
cathode by electrolyte (Figure 6.8c).  This process is repeated for different initial 
concentrations of DEME+ and O2 as well as for different depths of electrolyte immersion in the 
cathode. 
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Figure 6.8. Sequence of determining the maximum current density for different depth of cathode 
immersed in electrolyte. 
6.6.3 Discharge Voltage and Current Density for Different Depth of Cathode 
Immersion 
Discharge voltages for discharge current densities with different initial concentrations of Li+ and 
O2 and depth of immersion are shown in Figures 6.9 and 6.10, respectively. 
 
Figure 6.9. Discharge voltage for current density with different initial concentration of Li+ of (a) 
1,000, (b) 2,000, (c) 3,300 and (d) 4,500 mol m-3. 
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Figure 6.10. Discharge voltage for current density with different initial concentration of O2 of (a) 
5, (b) 10, (c) 15 and (d) 20 mol m-3. 
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Conclusions and Future Directions 
This dissertation makes several key contributions to the two promising technologies for 
electrochemical energy storage: electrochemical CO2 reduction and lithium-air (Li-air) battery. 
First, electrochemical reduction of CO2 into value-added products can play an important 
role in lowering atmospheric CO2 concentration while also storing intermittent renewable energy.  
Chapter 2 discusses the use of diluted CO2 as a feed as well as the effect of electrolyte pH for the 
reduction of CO2 to CO, implying the promise of direct use of flue gas as a feed.  Chapter 3 
discusses the effect of composition and structure of electrodes on cathode performance and 
durability for reduction of CO2 to CO, resulting in the better performance than commercially 
available electrodes.  Chapter 4 describes fabrication of a crack-free micro porous layer by 
incorporating carbon nanotubes and its use for reduction of CO2 to CO.  
Second, Li-air battery has shown promise for effective storage of intermittent renewable 
energy as well as for a variety of applications ranging from electric vehicles to large-scale energy 
storage.  Chapter 5 describes a new architecture of non-aqueous Li-air battery that has a flowing 
Li-ion free ionic liquid, enabling the continuous removal of discharge products and thus leading 
to optimal discharge capacity.  Chapter 6 details computational modeling and experiments to 
optimize gas diffusion-based cathode to improve discharge current densities for non-aqueous 
Li-air flow batteries. 
The results and discussion throughout this dissertation point to several interesting directions 
for future work: 
(1)! Results in Chapter 2 have shown the promise of directly using flue gas as a feed for 
electro-reduction of CO2.  However, because CO separation from gas mixtures of CO 
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and N2 is still challenging, the advantage of direct conversion of flue gas compared to 
the conversion of pure CO2 (100%) as a feed remains to be investigated.  
Techno-economic analysis of direct conversion of flue gas would help to determine if 
this process is a more viable route than conversion of pure CO2 as a feed.  
(2)! In Chapter 2, although high CO2 conversion rate (up to 32%) was achieved, 
optimization of CO2 electrolyzer with different flow channel (compared to the current 
1-directional simple flow channel) is necessary to improve one pass conversion.  To 
improve CO2 transport in a current architecture of CO2 electrolyzer, an interdigitated 
flow field will aid the efficient distribution of the reactants. 
(3)! Although extensive study of gas diffusion based-cathode was performed for 
electro-reduction of CO2 in Chapters 3 and 4, further work on extensive durability tests 
of electrodes can bring the electro-reduction of CO2 process a step forward.  To 
quantify long-term performance and durability of CO2 electrolyzer, detailed analysis of 
the mechanism of electrode degradation (loss of hydrophobic nature and change of 
composition), and methods to maintain the water balance between gas and liquid phase 
and allow a continuous supply of reactants are needed.  
(4)! In Chapters 5 and 6, we found that non-aqueous Li-air flow batteries have promise in 
the field of electrochemical storage due to their increased discharge capacity.  
However, from a practical viewpoint, improvement in current density is necessary.  
Investigation of durable electrodes by examining the effect of different carbon materials 
as well as different hydrophobic binders for electrodes to prevent electrolyte flooding is 
needed so that non-aqueous Li-air flow battery can become a compelling alternative to 
gasoline-powered engines.  
